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NOTICE .

When Government drawings, specifications, or other data are uged for
any purpcse other than in connection with a definitely related Government pro-
curement operation, the United States Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the government may have
formmlated, furnished, or in any way supplied the said drawings, specifications,
or other data, is 7 to be regarded by implication or otherwise as in any manner
licensing the -~ .r or any other person or corporation, or conveying any rights
or permission to manutacture, use, or sell any patented invention that may in
any way be related thereto. t
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Block 19. (Continued)

Cesium Seeding of MHD Gases

Toluene Fueled MHD

Filament Wound, Epoxy Coated Fiberglass
Direct Energy Conversion Systems

Block 20. (Continued)

"~ The MHD channel design was a diagonal conducting wall generator with
calcia stabilized zirconia electrodes and a filament wound epoxy coated
fiberglass outer shell, The diffuser design utilized thin wall copper
construction with external cooling tubes, Tnese desigus resulted in a
signiflicant reduction of the masses of the channel and diffuser. The masses
of the channel and diffuser were 40 kg and 24 kg, respectively, which
compared favorably to previous channels and diffusers of siinilar performance
characteristics with masses of 160 kg and 150 kg, respectively,

The navel design features of the channel construction technique included
the use of a filament wound, epoxy coated fiberglass structural shell, the
presence of an RTV layer to provide the pressure seal, and the
minimization of the use of the copper material in the electrode frames,
This fabrication procedure combined to provide a lightweight channel
capable of withstanding sustained operation under a wide variety of
operating conditions,
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SECTION 1

INTRODUCTION

This {s the Final Report of Contract No, F33615-76-C-2001, '"Magneto-
hydrodynamic Lightweight Channel Development, " between the Air Force Aero
Propulsion Laboratory (AFAPL) and Maxwell Laboragories, Inc. (MLI), The
period of performance for the work was from Y ovembar 1975 through December 1977,

The main objectives of this technical effort were to design, fabricate and
test a 200 kW,, lightweight MHD channel and a lightweight diffuser. The hardware
was designed for testing at the MHD energy conversion facility located in Building 71,
Area B, Wright-Patterson Air Force Base, Ohio. These objectives were achieved
as over 125 tests of the hardware were completed, and the design output power level
of 200 kW dc was obtained.

The MHD channel design was a diagonal conducting wall generating with
calcia stabilized zireenia electrodes and a filament wound epoxy coated fiber-
glass outer shell. The diffuser design «:-ed thin wall copper construction with
external cooling tubes. Both designs emphasized utilizing lightweight design
and construction techniques to the greatest extent possible. This resulted in
being able {0 greatly reduce the mass of the channel and the diffuscr. The channel
mass, including all of the tubea, fittings, and connectors, was 40 kg; and the
diffuser mass, including the barbed fitiings and tubing, was 25 kg. The previous
hardware of similar size and electrical characteristics had a channel mass of
approximately 160 kg and a diffuser mass of approximately 150 kg. Thus, the
hardware developed for this contract provided a reduction in component mass
hy factors of 4-6, and more importantly, demonstrated the feasibility of a com-

pletely new or novel channel channel construction technigue.




The novel design features of the channel cor *ruction technique included

the use of the filament wound,epoxy coated fiberglass structural shell, the presence

of an RTV layer to provide the pressure seal, and the minimization of the use of

the copper material in the electrode frames.

This fabrication procedure combined

to provide a lHghtweight channel capable of withstanding sustained operation under

a wide variety of operating conditions.

to form the four walls of the diffuser.

of the hardware installed at the MHD facility.

The diffuser design used thin copper sheets
Cooling was provided by external cooling

tubes which were brazed to the outside of the diffuser. Figure 1 shows a photograph

The technical effort extended through various phases including design, fabri-

cation, and testing. A chronology of the significant program events is listed below.

Program Start
Design Frozen

Component Manufacturing
Started

Channel/Diffugser Completed

Flow and Pressure Tests Completed
Channel/Diffuser Shipped to AFAPL
Vibration Analysis Completed

MHD Test Program Started

MHD Test Program Completed

November 1975
May 1976
June 1976

October 1976
November 1976
November 1976
January 1977
May 1977
December 1977

:
¥
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SECTION 11
LIGHTWEIGHT MHD CHANNEL AND DIFFUSEI]

DESIGN AND ANALYSIS

1. OBJECTIVES AND APPROACH

The design and fabrication of a lightweight, high performance channel
and diffuser presented two problem areas which must he resolved simultaneously -
the lightweight and compact wall structure limitation and the high performance
requirement. The lightwelght requirement was satisfled by using the high strength-
to-weight filament wound, fiber reinforced epoxy resin for the channel wall (i.e.,
the pressure vessel) and by minimizing the volume of heavy materials in the
channel electrode frames and in the diffuser walls. ‘The high performance re-~
quirement demanded careful attention to the design of the method used to cool
the channel and diffuser walle. This requirement was met by constructing the
clectrode frames and the diffuser walls of copper, primarily because of its high
coefficient of thermal conductivity, and by cooling the members with high velocity
water, therehy optimizing the rate of heat removal from the walls. ‘This re-
presents the first step in the development of MHD channels using this design
concept. At the present time this concept 1s being carried further with the
development of a 30 MW MHD channel under Air Force Contract No. F33616~-
76-C-2104,

In many existing MHD) generators, the electrode frames of the MHD
channels were constructed by machining the trapezoidal central region out of
solid copper plates. 1 This approach resulted in a rather hcavy and thick wall
construction, which was not competitive from an overall system design point of
view. The successful achievement of this lightweight design resulted from a

careful analysis of the construction requirements of the MHD channel.

1 R. V. Shanklin, J,K, Lytle, R,A,Nlmmo, L.W, Buechler, and i, W, llehn
"KIVA -1 Extended Duration MHD Generator Development', AFAPL-TR-75-27,
June 1975.
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The details of the various designs which vcre evaluated are {llustrated
in Figure 2. Figure 2a illustrates a non-optimumn: design which has been tested
In the past. 1,2 This design utilized heavy copper frames which were bolted and
doweled together. The seals were installed between adjacent frames such that
the assembled frames served as the electrodes and the pressure vessel or struc-
tural wall. The cooling passages were typically drilled along all four sides and
then plugged as appropriate. The welded or brazed plugs provided a potential
source of water leaks. The sharp corners resulted in higher pressure drops
than a smoothly bent tube. In order to provide reliable gas seals, the electrode
frame must be relatively thick to insure structural integrity.

Figure 2b shows a "medium' weight deslgn where the weight reduction
wag achieved by the use of external compression tie rods to clamp together a
set of "medium" welght frames. Since no bolta were used between adjacent
frames, less material was required for each frame turn. This provided a
signiflcant reduction of the channel mass, Again, the electrode frames served
as the electrode elements and the pressure vessel or structural wall. However,
when the wall thickness was reduced, gas sealing became a problem with this
design. A more detailed analysis of this sealing problem showed that the mechan~
ical integrity of this design dictated a minimum wall thickneas. Finally, even
though the channel mass has been reduced with the "medium" weight design, the
bulkiness of the channel has not been reduced. Hence, the volumetric filling
factor of the warm bore of the magnet has not been significantly reduced from
the approach shown in Figure 2a,

2T.R. Brogan, A, M. Aframe, and J, Hill, "Preliminary Design of a Magneto-
hydrodynamiec Channel for the USSR U-26 Facility", Final Report, Contract
#14-32-001-1733, November 1874,
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The most significant reduction of the channe) mass and volume was achieved
by separating the pressure vessel wall function from the electrode frame function.
This approach is shown in Figure 2c. With this lightweight design, the electrode
frame utilized a lightweight thin copper, cooling tube, and the pressure vessel
wall utilized a high strength-to-mass, non-metallic composite material such as
filament wound, fiberglass or "Kevlar' reinforced epoxy resin. No interelectrode
frame gas sealing was required for this design - a feature which was extremely
important for reliable operation. In addition, the surfaces of the electrode frames
did not have to be machined to either high precision dimensional flatness tolerances
or critical surface finish requirements. Once the manufacturing process has been
fully developed, this simplification in the manufacturing techniques has the potential
to significantly reduce the fabrication cost of the electrode frames.

In additicn to the advantages obtained by reducing the channel mass and
volume, other significant gains were achieved. Some of these advantages were:
1) potential for low cost fabrication; 2) increased reliability; 3) finer segmen-~
tation of the electrodes; 4) integral cooling passages without braze or weld joints
or connections at elevated temperatures; 6) no gas sealing problems; 6) no critical
tolerances inside the entire channel; 7) minimal thermal expansion problems since
close tolerances of the mating surfaces of digsimilar materials were not required;
8) flexibility and simplicity of construction; and 9) mechanical saimplicity. Since
the overall channel design objective was a reduction of channel mags and volume
along with increased reliability, deoreased fabrication complexity and increased
design flexibility, the general design approach selected was required to satisfy
all of these objectives.

Paragraph 2 of this section describes the channel/diffuser design alternatives.
The performance analysis {s desoribed in paragraph 3, The cooling system design

{8 described tn paragraph 4.




2, CHANNEL/DIFFUSER DESIGN ALTERNATIVES
a,  Introduction

The lightweight channel involved three arcas of significant design alterna-
tives: the channel internal area profile, the electrode frames configuration, and

the exterior shell construction.

b.  Channel Internal Area Profile

Two of the existing AFAPIL heat sink channels were constructed with con-
toured side peg walls and plane or flat surfaced top and hottom electrode walls.
The walls were attached to each other with adjustable fastening hardware so that
the top and bottom walls could be "opened' or ''closed" to cause a 207 change in
the exit area. Previous performance tests with the heat sink channel demonstrated
that the area profile had been optimized. 3 Bince the main objective of this light-
welght channel program was not to optimize the channel performance but rather to
demonstrate the feasibility of lightwelght channel design and fabrication, there were
no channel performance reasons to change the area profile. However, there were
some changes to the area profile which were made in order to simplify the fabrica-
tion of the lightwelght channel.

A key feature in achieving the lightweight channel construction was the use
of a fiberglass filament wound reinforced epoxy resin shell that was fabricated in
place around the outside of the electrode frames. The high strength-to-weight ratio
of the shell was the result of the continuous glass filaments being wound around the
channel. These filaments formed the four walls without any seams or joints along
the edges of the chunnel. Consequently, there was no practical way of providing a

variable area profile.

3

0, K. 8onju, J. Teno, J. W, Lothrop, and 8, W, Petty, "Experimental Research
on a 400 kW High Power Density MHD Generator'', AFAPL-TR-71-6, May 1971.




Another change to the area profile which simplified the fabrication was the
elimination of the contoured surfaces of the heat sink channel side walls, The
lightweight channel side walls and the top and bottom walls were designed with
flat surfaces. This modification allowed the use of identical or duplicate corner
features of the electrode frames and significantly reduced the complexity of the
electrode frames fabrication. Previous performance tests with a channel of this

internal contour also demonstrated satisfactory performance. 1

c. Channel Electrode Frames Configuration

The electrode frames configuration involved two regions of the channel -
the transition frames at the entrance and exdt of the channel, and the generating
frames which comprised the main body of the channel.

The original concept for this channel program was a design for the transition
regions which utilized a set of '"U"" ghaped electrode frames to form the angular
transition between the perpendicular ends of the chanae} and the diagonal genera~
ting electrode frames. These transition frames were all oriented at the same
angle of inclination as the diagonal generating frames, but each frame had a diff-
erent depth of the "U' shape. These transition framer were considered to be too
complicated to fabricate within the scope of this program. Instead, the angle
transition was achieved by designing the entrance and exit ducts with inclined
ends that matched the diagonal electrode frames.

The initial design concept of the generating electrode frames was bused on
the use of stralght sections of cooling tubes along the sides, tops, and bottoms of
the frames. These four sections were to be connected together at the corners of

the frames by soldering them into square corner blocks with drilled holes for the
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internal cooling pagsages. The tubing was to be circular in cross section with a
small diameter tube used along the sides of the frames because of the space limita—
tions of the narrow cross section of the frame. The first model frame with the con-
nected tubes was fabricated and flow tested and is shown in Figure 3. The flow {est
results showed an excessively high pressure drop because of the small diameter
tubes.

In an attempt to reduce the pressure drop, a second model frame with
connected tubes was fabricated with larger diameter tubing which was flattened
to an oval cross section along the sides of the frame as shown in Figure 4. The
flow tests for this frame produced pressure drops that were acceptable, However,
the process of fabricating the second model frame demonstrated that the complex
external geometry and the critical internal cooling passages of the corner blocks
resulted in very high machining costs. In addition,previous experience with MHD
generator channels had shown that solder joints In cooling tubes which were ex-
posed to repeated thermal cycling were frequently a source of leaks. However,
the connected tube design did have the advantage that the frame internal opening
height and width dimensions could be closely controlled. This was accomplished
by assembling the loose tubes and corner blocks on a sizing mandrel and temp-
orarily tack welding the tubes to the corner blocks. This process maintained the
frame dimensions while the framea were removed from the mandrel and the tube
to corner block joints were permanently jolned by high temperature soldering or
brazing. Howaver, the advantages did not outweigh the disadvantages.

The next itage in the electrode frame design development was an attempt
to use a single continuous piece of copper tubing to form the complete cooling
passage for one frame, This approach would have had the advantage of eliminating
any joints in the cooling passage which would significantly increase the reliability
of the electrode frames. However, this design concept proved to present a numoer

of problems or disadvantages which caused it to be abandoned, Attemms

10
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to form one continuous tube across the top of the channel, down one side, across
the bottom and then up the other side proved to be impractical within the scope of
this program. The three-dimensional geometry that was required for the tubes

to make the transition around the corners of the channel in addition to the require-
ment for flattening the tube cross section along the sides of the channel would re-
quire extensive and complex tooling and techniques to successfully form the single
continuous fube. In addition the *'closed loop" continuous tube approach eliminated
any possibility of adjusting the frame opening internal height and width dimensions
to fit a sizing mandrel within close tolerances. Another disadvantage of the closed
loop approach, particularly with the smaller electrode frames of this channel, was
that the frame internal opening width and height dimensions were too small to allow
ready acce~s to the hot gas surfaces of the electrodes. This size limitation would
have restricted fabrication operations such as cutting the Inconel current collector

screens to equal the height of the adjacent cooling fins.

The final design concept that was selected for the lightweight channel
fraumes utilized two continuous cooling tubes for each frame. One tube formed the
top cross member and one side of the [rame, and the other tube formed the bottom
cross member and the opposing side member of the frame as shown in Figure §.
This design required separate corner blocke, but the blocks were not part of the
frame cooling passages. Instead, the corner blocks now functioned as heat transfer
and structural members only.

This "two tube’* approach eliminated the problems and disadvantages involved
with the single tube approach. Forming the tube proved to be less difficult because
of the access ‘o the tube from all directions. The inlet and outlet ends of the tubes
were designed with a definite space between the adjacent tubes. This design allowed
the two halves of each frame to be adjusted relative to each other when they were
placed on the sizing mandrel and the corner blocks to be made to compensate for
the variations in the spacing of the tubes. This approach also allowed access to
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the hot gas surfaces of the frames for performing various fabrication operations
while the frames existed as two halves, i.e. before joining the halves together at

the two corners of the channel.

The hot gas surface regions of the electrode frames consisted of the Inconel
curvent collector screens and the copper cooling fing which were attached to thz
cooling tube as shown in Figure 6. 'The construction of the electrode wail sections
of the frames is shown in Figure 6a. "he cooling tube was circular ir cross section
In this region. The Inconel screen was folded into a double layer and wes uttached
to the cooling tube by high temperature brazing with the folded edge of the screen
in contact with the tube. The copper cooling fins were premachined and formed to
fit the tube und were attached to the tube by soldering. The space between the cool-
ing fins and the electrode screen was then filled with the zirconia electrode ceramic,
‘The construction of the inrulator wall sections of the frame 18 shown in Figure 6h.
The features of these sections were essgentially the same us the electrode wall
sections, except that the cooling tube cross section was oval or flattened to form
a narrower width frame in this region, and the cooling fins were premachined and

formed to match the flattened tube section.

This approach with the two contimuous tubes for each framoe was selected
for the lightweight channel design, and a complsted prototype frame is shown by
the photograph of Figure 7.

d. Channel Exterior Shell Construction

The major design alternatives that were considered for the fabrication of
the channel exterior shell construction were the materials to be selected for the
fiber reinforcing material and the plastic matrix material, These materials were
combined to produce the fiber reinforced composite shell structure. The primary
properties of the composite materials that were of concern were the strength values

of the reinforcing filaments, the resistance of the plastic matrix materials to heat
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Figure 7. Completed Prototype Electrode Frame.
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distortion, and the maximum recommended service temperature, Previous material
studies and modeling work had investigated the use of silicone resgins as the plastic
matrix material.4 Although the silicone resin has higher temperature ratings
than epoxy resins, the process of fabricating the composite material proved te

be complicated. Since the heat resistance requirements of lightweight channel
were considered to be well within the capabilities of conventional epoxy resins,

a standard commercially avallable epoxy resin was selected, For the gelection

of the fiber reinforcing material, there are other filaments or fibers that have
properties superior to the E-glass selected, such as the aromatic polyamide
fibers (DuPont "Kevlar'), This polyamide fiber had a tensile strength that was
20% better than E-glass, stiffness that was twice that of E-glagas, and a density
that was 43% lower than E-glass. Although the properties of Kevlar were signi-
flcantly better than glass fibers, Kevlar nevertheless was a relatively new mat-
erial to use with the fabrication techniques that were required to optimize its
utilization in a composite material. Since the structural requirements of the
lightweight channel were well within the range of conventional materials, the

more commonly used glass fibers were selected for the lightweight channel shell.

e. Final Channel Design

The final lightweight channel deaign configuration is shown in Figure 8.
The internal gus side contour was designed with an entrance width of 24.9 mm
and height of 99.8 mm. The exit width was 72.6 mm, and exit beight was 140 mm,
The overall length, including the inlet and exit ducts, was 1064 mm, The side
walls and the top and bottom walls were designed with flat surfaces that diverged
from the entrance to exit dimensions over a length of 1003 mm. A length of
51 mm at the exit end wag designed with the walls parallel to match the entrance

4 0, K. Sonju, J.Teno, R. Keasler, L. Lontai, and D, E, Meader, '"Status Report

of the Design Study Analyris and the Design of a 10 MW Compact MHD Gener-
ator System," AFAPL-TR-74-47, Part II, June 1974,
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Final Lightweight Channel Design Configuration,.
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Figure 8,




contour of the diffuser. The actual mass of the lightwelght channel without any

cooling tubes attached was 27.7 kg, and with the cooling tubes attached, the mass
was 40 kg. This {8 compared to an estimated mass of approximately 160 kg for a
conventional channei utilizing electrode frames machined from solid copper plates

with drilled cooling passages.

f. Diffuser Design

_The diffusr,r was designed to meet the hot gas flow pressure and tampera -
ture requirements and to demonstrate lightweight diffuser fabrication techniques.
‘The internul georuttry of the diffuser was based on the existing APL diffuser.
Sufficient test data was available to demonstrate that the actual pressure recovery

coefficient was v ithin the maxgin of error of the calculated value.

The internal passage was designed with a sonstant width of 72,6 mm end
a totzl length of 266 mm. A atraight supersonic/subsonic section of 140 mm
height and 483 mm length was connected to a subsonic seotion which diverged to
a height of 198 mm over a length of 482 mm. This geometry is shown in Figure 9,
which 18 a photograph of the lightwe!ght diffuser shell without the cooling tubes
attached, .

In cases where minimum mags has not been a design goal, diffusers have
typioally been designed with thick plate copper walls with the cooling passages
formed by drilling holes in the plates parallel to the bot gas curfacea. In order
to minimize the mass, the diffuser was designed with thin copper sheet walls
forming & minimum mass shell. The copper cooling tubez were soldered to the
outoide of the shell to form the cooling system which removes the expected thermal
lead imposed on the diffuser by the hot plasma.

The diffuser shell was designed with 1,2 mm thick copper sheets. Copper
was used because nf {ts cutstanding thermal conductivity and the ease of attaching

cooling tukes by brazing or soldering processes. A design verifioation model was
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fabricated in an attempt to use sheets of 0.85 mm copper, but the process of
brazing the tubes to the sheet caused excessive buckling between the tubes which

would have caused excessive disturbances in the gas flow along the walls.

The cooling tubes were originally designed so that each tube formed one
complete turn around the diffuser, but several problems occurred during fabri-
cation which caused a redesign so that each tube only formed a half-turn around
the diffuser shell. The original design was based on circular cross section
tubliag that would be formed around the shell at assembly to ensure a close fit
between the tubes and the shell walls. However, a detailed thermal analysis
of the temperature gradients in the tubes and shell showed that one side of the
cooling tube was required to be flattened in order to increase the heat transfer
area between the wall and the tubes, This resulted in a "D" shaped tube cross
gection which was more difficult to form around the shell, By changing the design
to "half-turn' tubes, the fabrication was completed without requiring the additional
coats of designing and fabricating more complex tube forming tooling.

In additior to providing the means of cooling the diffuser, the cooling tubes
also served as structural members to stiffen the thin copper walls to withstand the
pressure gradient present because of the high velocity gas flow, The diffuger
internal static pressure d.iring operation varies from 0. 1 aimosphere at the entrance
to 1.0 atmosphere at the exit. The tubes were designed to function as stiffening
ribs or beams and were positioned transversely to the diffuser axis to minimize
the length of unsupported span. This procedure minimizad the required tube cross

seotional material requirement.

The spacing of the tubes was determined by the combined requirements of
the thermal and structural specifications. The tube diameter was selected to
achieve the desired water flow velocity and pressure drop. The spacing was then

determined by the expected operating temperature of the shell wall, which reached

23




a maximum at points midway between adjacent tubes, Finally, the spacing of the
tubes was analyzed to verify the structural integrity of the wall.

The spacing between the tubes was expected to increase along the length
of the diffuser in the gas flow direction because of the decreasing pressure grad-
ient across the diffuser wall; however, the space between the tubes had to be de-~
creased because of the Increasing heat loads along the axial length., Figure 10 is

a photograph showing the process of attaching the tubes to the shell.

The diffuser was designed with six pressure taps which were equally spaced
along the horizontal centerline of one side of the diffuser. Each tap consisted of
a small diameter brass rod that was soldered to the diffuser shell between adjacent
cooling tubes. A small diameter hole passed through both the rod and the shell

wall,

The outer surfices of the shell-tube wall were then covered with a layer
of lightweight ceramic felt insulation. 'This insulition was covercd with a thin
layer of R'TV silicone rubber to protect the cooling tubes from damage and reduce

the rate of heat transfer to the surrounding equipment.

The final lightweight diffuser is shown in the photograph of Figure 11.
'Ihe actual mass of the diffuser ag shown was 23.6 kg. This is compared to an
estimated mass of approximately 150 kg for a conventional, thick walled diffuser
design. If full turn cooling tubes were used, the diffuser weight would have been
reduced by approximately 3% by eliminating the extra set of inlet and outlet con-

nectior.s.




Figure 10.

Diffuser Assembly During Fabrication,
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3. PERFORMANCE ANALYSIS

a.,  Structural Analysis

The structural analysis of the lightweight channel included an investigation
of the electrode frumes and the fiberglass case. First, the analysis of the copper
electrode frames is presented. Then, the results of the analysis of the filament

wound fiberglass case are discussed.

The structural analysis of the electrode frames required the thermal
and mechanical properties of oxygen-free high-conductivity (OHFC) copper.
Figure 12 shows the coefficient of thermal expansion and Jhe Young's modulus of
elasticity for oxygen-free high-conductivity copper. In Figure 13, the ultimate
tensile strength and yield strength of OHFC copper are given. The thermal ex-
pansion, Young's modulus of elasticity and strength data were obtained from
Copper Data Association (CDA) ‘atu sheets. The fatigue curve for combined

5,6
strains for OHFC copper is shown in Figure 14,7

The calculation of the frame fatigue life under combined loads was per-
formed by adding the strain components and entering the appropriate fatigue
curve. In the curve of Figure 14, use was made of the fact that repeated thermal
loading on 2 restrained bar will have a lower life than an applied mechanical strain

at the maximum temperature of the thermal loading.

' Coffin, L.F., iInternal Stresses and Fatigue in Metals, G. Rossweiter and
W. Grube, Elsevier Publishing Co., 1959.

Majors, H., "Comparison of Thermal Fatigue with Mechanical Fatigue Cycling,"
ASTM STP 165, 1954.
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Some coaservatism resulted from the demonstration that the combination
of thermal and mechanical effects followed an Interaction relation which yielded

longer life thun the simple added strains method. 7

The maximum pressure deliverable to the critical coolant tubes with a
7.9 mm O,D. x 0.79 mm wall thickness was assumed to be 7 atm. The resultant

c¢lrcum’erential membrane stress, 01. wag 28 atm,

The axial stress, 02, was less than ¢ 1/2 because of the prescence of the
frume, The maximum tube wall temperature was assumed to be 395K at the
circumferential location where the tube was not in contact with the frame.
Therefore, the circumferential membrane strain, ¢ p» Wes 4,1x 10—4. This
calculation was on the conservative side because the lateral shrinkage of the

wall, voz/E. was neglected.

Based on the static loading, the factor of safety was 10, while for the
tigue life, with N_ > 10% oycles, the mctor of safety ts greater than 100 if
1000 loadings were agsumed for design purposes. These conditions existed

close to the bending neutral axis of the frame/tube combination,

At the extremes of the cross section, the thermal stresses and longitu-~
dinal bending at the gas face controlled the factor of safety. All diagonel frames
were assumed to be simply supported over a maximum epan of 198 mm. Near
the corners, the maximum bending moment was assumed to be ona-tenth of tho
product of the electrode frame loading and the electrode frame length. The
maximum pressure difference was approximately 0.8 atm. With & frame side
member width of 630 mm, the bending moment was 2. 68 N-m, The gection
modulus, Z, for the gas face, as shown in Figure 15 was 80 mma, and the
bending stress, 0, was 398 atm.

7 Manson, 8.8., "The Challenge to Unify Treatment of High Temperature
Fatigue," ASTM STP 620, 1973,
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Figure 16. Frame Suvction Properties for Stress Analysis.
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‘The upper surface temperature was 590 K, Consequently, the modulus
of elasticity was approximately 106 atm, and the strain was 4.0 x 10_4. The
bending deflection, which has been approximated by 0.017 pw L4/Elxx' was

0.033 mm,

The eritical frumes were In the reglon of the chunnel entrance where the
trunsverse temperature gridionts were the greatest. EKach frame was ngsumed
to be completely restrained internally againgt curvature because of theso tvuns-
verse temperature gradients, At the entrance the frume transverse tomperaturo
difference wis assumed, conservatlvely, to be 220K for which the thermal strnin,
€, wag <A’1/2, or 0,002 mm. The bending strain was negligible. IFor this con-
ditfon the totul number of cycles was greator thun 106 cyclos, und the fuctor of

sufety exceeded 100,

The vibrutory responsc was assumed to be 50 g nt all frequencles, ‘''his
wini equivalent to n pressure on each frame of npproximatoly 0.34 atm. Henoe,

the stresses cnuscd by vibration were small,

All frames were supported by the anchors in u manner that permitted
freedom of axial movement on each side. Axial forcee werce induced by the
anchors which acted normal to the axial thermal growths, However, those
forces were small compared to the column buckling lond which was In the yield

range.

The filiment wound fibergluss case structural anulysis required the
fatigue Hfe properties of the fiberglass material shown in Figure 16. 8.9 Since
this fatigue curve represented the effect of stress concentrations, even though
none were present in the regions of the composite where the stresses were the
gruatest, the calculntions resulting from this curve were conservative. The case

8 Dietz, A.G,H,, Composite Engineering Laminates, MIT Press, 1969,

'
9 Broutman, L,J. (Ed.), Composite Materinls, Vol. 5, Academic Press, 1974.
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was assumed to have a constant thickness of 9.6 mm, For the largest span of
the fiberglass case (140 mm) at the peak negative pressure difference (0.80 atm),
the inward center deflection was 0.40 mm. The resultant bending stress was

88 atm. Since R/h = 1.6, the stress was increased by 41 percent at the inner

fiber because of the curved beam effect. 9

The membrane stress was 3.1 atm. 7Thus, the total stress range was
91 atm. Therefore, with a fatigue life greater than 106cyclea. the factor of
safety for fatigue was over 100. The factor of safety for static loading waa

over 7.4,

The entrance region of the case was agsumed to be subjected to /6 K
temperature rise at the inner surface as a so-called thermal shock. For the
case material, the unit restraint stress per unit temperature rise was
«E/(1-v) = 8.67 atm/K. Therefore, for n Poissons ratio of 0,33, the strecs

caused by thermai shock was 206 atm.

The equivalent pressure on the combination of the case and frames at

50g was 0.48 atm. The bending stress was 53 atm.

‘The natural frequency of the channel was calculated using

£=(1/2)0r/ L) JW W

+ W
case case frames

)

where r is the radius of gyration of the channel oross section. 10 The sound
speed, ¢, was agsumed equal to 2,7 x 106 mm/sec for the composite, r was
chosen at 40 mm ag an average value and L = 1000 mm, Then, with the ratio
of the case mass to the case plus frame mass equal to 0. 17, the natural fre-

quency was calculated to be 56 Hz.

9 Broutman, L.J. (Ed.), Composite Materials, Vol. 5, Academic Press, 1974,

10 sacobsen, L.8., R. S, Ayre, Engineerig Vibrations, McGraw Hill, 1958,
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b. Thermal Analysis

The thermal analysis of the lightweight channel was completed by recog-
nizing the two competing thermal requirements. The zirconia surface tempera-
ture was required to be high enough to provide effective electrical current collec-
tion by each electrode, while at the same time the frame body temperature must
remaln low enough to maintain the integrity of the frame and the surrounding
case, These two requirements required a careful design of the electrode frame
details together with a practical cooling system operating under readily controll-
able flow conditions. These cocling requirements muuit be consistant with the
KIVA -1 facility capability, As a result of this restriction, a hydraulic analysis
was also required. This hydraulic analysis 18 discussed in the following section,

The thermal analysis included an investigation of the electrode frame and the cuse
thermal behavior,

The electrode frame cooling, tube tomperatures were obtained from pre-
liminary estimates using various water flow rates and a simplified irame croes
section model for a range of average gas side heat {luxes. The water/metal
surface heat transfer film confficient was determined by:

h = 0.82(1+1.29 x 10727 -2,47 x 1021 ()" 80" ® 2[;"%‘;59%1
where T 18 the mean water/metal temperature in Celsius, v is the water veloeity
in the tube in m/sec, and ¢ is the tube inside diameter 1n mm. 1 The spnroach
that was used was to determine the required mass flow rate for a fixed bulk water
temperature rise. This represented the minimum amount of watur that was re-
quired for cooling. The heat transfer coefficient and the temperature diatribution
were then caloulated, From these calculations the heat tranafer coefficient require-

ed to prevent gas side overheating was computed. The velocity required to attain

1 Kreith, F., Prinoiplee of Heat Transfer, International Textbcok Co., 1961.
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this heat transfer coefficient was then calculated and the resulting half-frame
pressure drop was obtained. From these results the half-frame or full-frame
cooling loops were established.

Figure 17 shows the actual axial heat flux distribution from previous tests
at the AFAPI, facility. 1,3 These tests indicated 2 maximum heat flux of ~ 550 watts/
cm2 near the channel inlet and a minimum heat flux of ~100 watts/ cm2 in the channel
exit region, The results shown in the upper curve of Figure 17 agree within about
20% with the turbulent boundary layer predictions, 8

Using the MITAS finite element heat transfer program, the electrode frame
temperature distribution fields were determined. 12 A typical temperature distri-
bution plot for an axial location approximately 220 mm from the nozzle/channel
interface i{s shown in Figure 18. This figure is for the electrode wall. An addi-
tional analysis was completed for the insulator wall, which utilized an oval cooling
tube instead of the round tube user for the electrode wall. ‘The resultant tempera-
ture distribution for the {nsulator wall was similar to the results shown in Figure 18.
The critical regions of the electrode were the ceramic surface temperature, the
Inconel screen temperature, and the screen/copper and the fin/cooling tube solder
joints. Similar temperature distribution grids were also computed for other axial

locations in the channel.

12'Uaer Information Manuzl for MITAS (Martin Marietta Thermal Analyzer
System);'Publication No. 86616000, Rev. A; Cybernet SBervice Control
Data Network; September 1972,
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Q/A = 340 w.'vatt.s/cm2

ave
Material MZO3 Copper A 02 Inconel
Temperature (K) u
1539 462 461 463 1916 2159 1605
3 - { > --v— ['., .0, ,1 -
1246 ] 459 | 458 459 1566 192831 1553
893; 450 | 449 | 450 )168 1567% 1369
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y 502« . 123,560
446 1 414 | 413 | 4125
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i v = 7,8 m/sec
346 7 341

Figure 18. Electrode Frame Temperature Distribution,




c. Hydraulic Analysis

As the lightweight channel design discussed in Section II-2 illustrated,
there were two water cooling loops per electrode frame. Inthe channel entrance
region the water flowed in parallel through each of the half-frame cooling loops.
Downstream, where the heat flux was lower, moie than one half-frame cooling
loop was connected in series. From a heat transfer standpoint, up to ten half-
frame loops were connected in series. Since the number of half-frame loops
controlled the final temperature at the coolant/frame interface, the connection
arrangement was critical to maintain the desired temperature distribution. The i
nydraulics requirement, therefore, consisted of achieving a reasonable balance
between the total flew requirements and the temperature distribution, ‘Ibe goal
of the cooling system design was to maintain the cooling water flow requirements
below the maximum water flow rate at the AFAPL facility and to minimize the
electrode frame temperature rise.

The calculations of the pressure drop through the cocling tubes were
compieted by using the data on the measured pressure loss as a function of the flow
velocity for the type of tubing used in the lightweight channel and diffuser. The
experimental measurements for 6 mm tubing are shown in Figure 19 for straight
tubes. The data for the curved tubes, crifices, and changes ir section were

available from various publications, 13

The total pressure loss in the flow path between the feed and the drain
manifolds consisted of the following components: inlet manifold exit to flexible
hose; flexible hose friction loss; flexible hose entrance loss to frame; frame
friction logs including bends; frame exit loss to fiexible hose; and flexible hose
to exit manifold. For the half-frames which were connected in series, further

13

Anon., "Flow of Flulds Through Valves, Fittings, and Pipes,”
Crane Company Technical Paper No. 410, 1976.
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pressure losses were caused by the return loops between the half-frames and
by the additional flexible tubing copnecting the frames together.

As a result of applying the data generated to the analysis of the entrance
region and the region 500 mm downstream from the channel/nozzle interface,
the information shown in Table 1 was obtained. The difference in flow velovities
resulted from the parallel and series cooling loops through the entrance and

downstream electrode frames.

To assure a balanced cooling water flow distribution, the velocities
and cooling loop pressure drops were determined for each of the channel
half-frames. This pressure drop data along with the pressure drop data for
the connections, etc. was then used to determine the cooling loop connection
scheme which {8 described in Section I1-4,

Since each of the seventy frames had two cooling loops, 140 parallel
cooling loops were theoretically possible. However, the water flow require-
ments for cooling with all of the half-framer connected in parallel exceeded
the capability of the AFAPLfaclility. In addition, the pressure drop across
each half-frame would not have been equal, thus requiring a more complex
orificing of the manifolds; and the electrode frame temperature distributions
wnuld not have been satisfactory. After a thorough analysis of the possible
alternatives, thirty-one electrode frame cooling loops were selected. This
connection scheme resulted in from one to ten half-frames being connected In
series to satisfy hydraulic, thermal, and facility requirements,
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TABLE 1. ELECTRODE COOLING DATA

Heat Load W/cm2 425 200

Station X mm 100 500

Heat Load per Frume watts 510 240

H Required to Prevent Gas watts 4,6 2.9

Side (Owerheating m

Velocity m 10 5.6
gec

Cooling Flow per Half- liters/min 18/NA NA/11

Frame/Frames

AP for V Half-Frame/Frames atm 5.4/NA NA/6

P Required to Prevent Boiling atm 1/NA NA/1

Required Pressure atm 6.4/NA NA/7

AFAPL Systems Pressure atm 7.8 7.8

NA = Not Applicable

O




d. Magunetohydrodynamic Analysis

Since the objective of this program wag to design, fabricate and test a
lightweight magnetohydrodynamic (MHD) generator channel/diffuser system,
extensive MHD performance analysis was not completed. Furthermore, a pre-
vious technical effort maximized the channel/diffuser performance for the range
of operating conditions of this channel test program. 3 Except for the simplifica-
tion of the fabrication process, no technical reasons existed to deviate from the
succensfully tested existing gas flow train design. Although an analytical cal-
culation of the channel performance was made because of the internal contour
variances discussed below, the basic inlet and outlet areas for the channel and
diffuser were not changed. Figure 20 shows the experimental magnetic field at
the AFAPLfacility. This distribution was also used for the performance analysis
oalculations. The range of area ratios for the previous performance tests is
shown in Figure 21. 3 For the performance calculations of this effort, only the
open position was considered since this was the position which produced greater
performance.

A comparison with two previous channels is shown in Table 2. 1,3 The

heat sink channel, the original channel design, wag the shortest of the three
channels. The diagonal conducting wall channel length was increased to match

the increased length of the magnet pole pleces. The lightweight channel overall
length was increased to accommodate the lightweight channel entrance and exit
ducts, However, the axial length of the lightweight channel electrodes was identiocal
to the diagonal conducting wall channel.
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A change to the area profile which substantially simplified the fabrication
effort was the elimination of the contoured surfaces of the walls perpendicular to
the magnetic fleld. All four walls were fabricated with flat surfaces, This modi-
fication reduced the complexity of the channel construction. Previous performance
analyses and tests with a channel of this internal contour demonstrated satisfactory
operation. 1 Power levels oibtained during these test series were 176 kW to 200 kW
electrical output power in the main load. Figure 22 shows the axial voltage profile
for a test with a diagonal conducting wall generator with flat, diverging walls.

This series of test runs, along with a simijlar set run during the effort described
in the previous reference, 1 demonstrated that the electrical performance of the
diagonal conducting wall generator with flat instead of aerodynamically shaped

walls was sufficient to achieve the required performance level.

A performance analysis to optimize the diffuser pressure recovery was not
completed. Previous test programs have demonstrated that satisfactory diffuser
pressure recovery was obtained with the existing design. 1,3 The lightweight
diffuser was constructed to the interior dimensions of these previous ones, but
satisfying the objective of a lightwelght component significantly decreased the

exterior dimensions.
4. COOLING SYSTEM DESIGN

During the mechanical design of the lightweight channel, the cooling system
details evolved through several states. This evolution has been described previously

in Section I1-2 and will not be repeated here. This section will discuss the selection
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oi the water flow rates, the connection of the half-frame cooling loops, and the
matching of the cooling requirements to tke AFAPL cooling system capacity.
Table 3 shows an overall cooling system summary for both the channel and the
diffuser. The results shown in the table were based on the experimental heat
flux curves from previous tests shown in Figure 17. 1,3 This figure 18 presented
in Section II-3. b and will not be repeated here.

a. Channel

Using the experimental heat transfer curves, the half-frame flow loop
connections were established. Because of the high heat flux (~ 500 watts/cmz)
in the inlet region of the channel, each cooling loop consisted of only one half-
frame. As the heat flux decreased downstream from the inlet, two or more
half-frames were comnected in series depending on the heat flux, pressure drop,
and physical constraints. The correlation of the coolant fiow rate, water flow
velocity, the heat transfer coefficient, and pressure drop was further complica-
ted by the individual flow path geometries. A not inconsequential restriction
for a small compact generator of this type was the physical space limitations
caused by the close proximity of the magnet. As many as ten half-frames
{five complete frames) were connected in series at the channel exit end. The
pressure drops from frame inlet to outlet in the electrode half-frame connections
were approximately 6 atm for all parallel paths. As a result, the velocity and
temperature increases varied from connection to connection. For cooling loops
the heat transfer coefficient was calculated to insure that adequate heat removal
was available. The velocity varied from 11 m/sec in the single half frame to as
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TABLE 3. COOLING SYSTEM SUMMARY

Channel
Heat Load (MW) 0. 55
Cooling Water Temperature, In (K) 294
Maximum Cooling Water Temperature, Out (K) 300

(For Haif-Frames)

AFAPI System Water Pressure (atm) 7.8
Minimum Flow Rate (liters/min) 140
Actual Flow Rate {liters/min) 450
Diffuser

Heat Load (MW) 0.80
Cooling Water Temperature, In (K) 294
Maximum Cooling Water Temperature, Out (K) 320
(For Half-Frames)

AFAPI System Water Pressure (atm) 4.0
Minimum Flow Rate (liters/min) 203
Actual Flow Rate (liters/min) 525
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low as 4.5 m/sec in the exit region where tcn half-frames were connected in
series. The corresponding range of temperature rise in.the single and multiple
half-frame paths was from 5 K tu 40 K,

The fabricated cooling system was flow checked and leak checked to insure
compliance with the design specifications. More details of the channel cooling
system fabrication are provided in Section lI-6. The water flow tests are des-

cribed in Section IV-1.
b. Diffuser

For the design of the diffuser cooling eystem, a computer analysis of the
diffuser wall temperature distribution was made. The results of this analysis
indicated that the diffuser wall operating temperature was very sensitive to the
width of the silver solder fillet between the cooling tube and the wall. Because
of this characteristic, the tubing size was increased and one side of the tube wall
was flattened to form a '"'D' shaped cross section. The flat side of the ""D'' was

silver soldered to the diffuser wall.

The spacing of the tubing was determined by the combined requirements
of the thermal and structural specifications. These considerations have been
described in the Diffuser Design section, 1I-2.{, and will not be repeated in this

section.

Each of the cooling loops of the diffuser completed a half-turn loop.
However, each of thege half-turn loops was connected externally to provide full
turn cooling loops. Forty-four of these full turn loops were used to cool the
diffuser. The spacing of the cooling loops along the axis varied to match the

structural and thermal requirements of the diffuser.




c. Manifolds

Thke channel and diffuser manifold were designed to provide a minimum
pressure drop between the cooling manifolds and connecting tubing to the channel
and diffuser cooling loops. Four manifolds, two inlet and two outlet, were furn-
ished with the channel. Similarly, the diffuser was also provided wita four mani-

folds. The fabrication and description of the manifolds are described in Section III-6.
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SECTION It
FABRICATION OF THE LIGHTWEIGHT MHD

CHANNEL AND DIFFUSER

1. INTRODUCTION

During the fabrication of the lightweight channel, a number of significant
fabrication problems occurred. These problems resulted in considerable delay
during the fabrication of the channel and in a few cases caused some modifications
to the chamnnel construction. The details of the specific problems are presented in
the subsequent sections of this chapter.

A lack of adherence to the required dimensional tolerances of the frames
was the cause of many of the frame fabrication problems. While some of the
frames were produced within the design specifications, many of the frames were
not within the design tolerances. These variances required a substantial amount
of fitting and reworking of each of the frames as each frame was fit on the mandrel.
The critical tolerance areas were the interframe gaps on all four sides of the
electrode frame, the electrode frame to mandrel gap, and the electrode frame angle
orientation. In addition, several other frames were poorly made; and hence, did
not fit the mandrel properly. Consequently, these few frames were eliminated,
and a larger interframe ceramic width resulted. However, as a result of the
accumulation of the stackup tolerances, an overall channel growth in the axial
direction wouid have occurred had these poorly made frames not been eliminated.
Thus, in order to maintain the design channel length, six electrode frames were
eliminated during the final assembly process. These eliminated frames resulted
in the design channel length of 1054 mm.

Because of the excessive electrode frame to mandrel gaps, an appreciable

amount of alumina ceramic material flowed into this region. This produced an un-

even hot gas surface with regions of alumina overlapping several frames. Many




voids were present in the alumina regions between the electrode frames, The
repair of this problem required an extensive amount of filing and grinding and
then refilling of the ceramic areas. This handworking process produced the
necessary smooth interior contour required for the proper operation of the light-

weight MHD channel.

The subsequent sections of this chapter describe the various steps of the
fabrication of the lightweight MHD channel from the manufacture of the machined
components through the case winding and finishing operations, The fabrication of
the diffuser is discussed. The description of the fabrication of the cooling system
for both the chamnel and diffuser is also included in this chapter,

2. COMPONENT MANUFACTURE

The components of the lightweight channel were an entrance duct, an exit
duct and seventy individual electrode frames that were positioned on an assembly
mandrel. These components were enclosed by a fabricated-in-place fiberglass-~
epoxy shell to form a completed channel as shown by Figure 23.

The entrance duct was machined from a solid block of copper. The walls
were drilled with a2 series of closely spaced cooling passages that were arranged
so that no joints in the cooling passages were in contact with the hot gas surfaces.
The cooling passages were connected externally by short sections of copper tubing
that were brazed into the main block. A static pressure tap was provided on one
side of the duct by drilling a small diameter hole through the wall and brazing a
short brass connecting tube to the outside of the duct wall. All coolant passages
were pressure checked for leaks before winding the fiberglass-epoxy shell 2round
the entrance duct.

The exit duct was fabricated from thin copper sheets that were brazed
together into a lightweight shell that formed the smooth internal hot gas surfaces.
The walls were cooled by a series of individually formed cooling tubes that were
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Lightweigh' MHD Channel After Filament Winding.

Figure 23,




-

brazed to the outside of tne shell so that no joints in the cooling passages were in
contact with the hot gas surfaces. One side of each cooling tube was flattened so
that the tube had a "D" rhaped cross section. The flat side of the tube was brazed
to the wall of the lightweight shell so that there was sufficient heat transfer area
between the tubes and the walls. A static pressure tap similar to the one used on

the entrance duct vas installed in one side of the exit duct.

Fach electrode frame assembly consisted of continuous cooling tubes,
current collector screens, cooling fins, corner blocks and frame anchors. A
drawing of a typical frame is shown in Figure 24, and a photograph of a typleal
finished frame is shown in Figure 25. Ten of the frimes were provided with

pressure taps, which were equally spaced along the length of the channel.

The continuous cooling tubes shown in Figure 24, fems 1 and 2, were
formed in three steps using standard size commercial copper tubing. The corner
bends were formed on the special, adjustable tube forming fixture shown in
Figure 26. This fixture was designed with sufficient adjustments to permit one
fixture to cover the complete range of all the bend angles and of all the distances

between bends that were required for the set of seventy electrode frames,

As shown in Figure 6, the side members of each frame were much thinner
than the cross members, The thinner sections formed the insulator walls, Figure 6B,
and the thicker sections formed the electrwde walls, Figure 6A. The thinner sections
required the flattening of the tubes used for the insulator walls. This was done with
a special tube flattening fixture shown in Figure 27,

Sections A-A and B-B of Figure 24 show how the cross members of the
frames were arranged with the current collector screens and the cooling fins
positioned perpendicular to the hot gas surface, while the side members were
positioned at an angle to the channel axis. In order to produce this geometry, the
cross members were displaced from the sfde members at an angle of 46 deg.
‘This was accomplished by using the special bending fixture shown in Figure 28,
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The current collector screen shown in Figures 6A and 6B was formed
by folding the Inconel screen into double layers and then cutting extra width strips
that were cut back to size afier being attached to the cooling tubes. The screening
was folded and cut on the bias {i.e. at an angle of 45 deg to the strands of the screen).
This insured that each and every screening strand was attached to the cooling tube
by the brazed joint, thereby forming a reliable heat transfer path from each strand
to the cooling tube so that the screen was adequately cooled,

The cooling fins shown in Figures 6A and 6B were produced by machining
flat sheets of copper to the required thicknesses and then forming the fins around
a special die so that the internal contour of the fins matched the external contour
of the cooling tubes. The outside widths of the electrode cross sections were the
same for all the electrode frames. However, the widths of the grooves for the
zirconia electrode ceramic were designed to be narrowest at the upstream end
of the channel where the heat load on the walls was highest. As the heat load de-
creased along the length of the channel, the width of the grooves was increased.
The variation in the widths of the grooves was accomplished by varying the thick-

nesses of the fins in that region of the frame cross seciion.

‘The corner blocks shown in Figure 24, Items 6, 7, 8, and 9, recquired a
complex three-dimensional compound angle geometry. The inside surfaces had
a radius which formed the inside corners of the channel. The outside surfaces of
two corner blocks had a radius which conformed to the inside radius of the cooling
tubes, while the upposing two corner blocks had a square corner where the tube
inlet and outlet connections are formed. The wpstream and downstream surfices
of the corner blocks required these compound angles so that the surfaces would
lie in the same planes as the surfaces of the adjacent cooling fins.

If each corner block was individually machined out of a block of copper,

extensive tooling, fixtures and measuring gauges would be required, and the costs

of machining would be ver; high. However, a simplificd process of machining




was developed which required minimal tooling and fixtures. This process resulted
in a reasonable cost for machining, This simplification was primarily possible
because the corner blocks were identical for all the frames (i.e. there were four
types of blocks for each frame, resulting in quantities of seventy blocks of each
type).

The corner blocks were formed by machining the inside corner radius and
the outside radius or square corner along the length of a bar of copper long enough
to make at least fifteen to iwenty corner blocks. Then a slitting saw of the exact
width of the insulation space between the adjacent blocks was used to cut the bars
transversely at the required angles. This saw cut produced the individual blocks.

The frame anchors shown in Figure 24, Item 13,were fabricated from
round copper wire that was formed to the required shape in a special forming
cdie. The straight sections at the ends of the anchor were formed in line so that
they could be soldered to the backs of the electrode frames, while the center
sections were formed intc a loop that projected into the glass epoxy shell and
anchored the frames to the shell.

The pressure taps shown in Figure 24, Item 15, provided a passage from
the hot gas surface through the frame and the shell wall so that the static gas
pressure in the channel could be monitored. These pressure taps were fabricated

from a small diameter brass rod which had a small hole drilled through its center.

Another manufactured item, which was not a component of the final channel
but was critical to this state-of-the-art process of fabricating lightweight MHD
generator channels, was the channel assembly mandrel. The critical function of
the mandrel will be described in later discussions of the "Electrode Frames
Assembly' and ""Final Frame Assembly, Case Fabrication and Finishing
Operations''.
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The first attempt to fabricate the mandrel was to use precision ground
aluminum tooling plate to form the sides o! the mandrel. The edges of the plates
were machined so that the mandrel surfaces would diverge in both directions.
Then the plates were joined together into a tapered box section by welding the
edges of the plates together. The purpose of this design was to reduce the amount
of materials required and to eliminate the machining of the mandrel surfaces.
However, the process of welding caused excessive warping and distortion of the
mandrel. After this attempt to aasemble the mandrel by welding, there was not
enough material remaining to salvage the mandrel by machining the surfaces.

Consequently, another mandrel had to be iabricated.

The final mandrel shown ia Figure 49 was fabricated from a solid bar of
aluminum by machining the outer surface contour of the mandrel to the exact
dimensions and contour of the internal contour of the generator channel hot gas
surfaces. Then rotation trunnions were attached to both ends of the mandrel to
be used to support the channel during the process of fabricating the fiberglass
epoxy composite shell.

3. ELECTRODE FRAME ASSEMBLY

In order to assemble the component parts into the electrode frame assernbly,
seven major operations were required. These operations are deacribed in detail
in the following discussions. A detailed drawing of a typical frame is shown in
Figurc 24, and a photograph of a completed electrode frame is shown in Figure 25.
The details of the electrode frame cross sections are shown in Figure 6. The
wider frame sections, which formed the cross members along the channel electrode

walls, are shown in Figure 6A. The narrower frame sections which form the

diagonal members along the channel insulator walls,are shown in Figure 6B,
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a. Brazing the Current Collector Screens to the Cooling Tubes

The current collector screens must be precisely located along the mid-
planes of ine cooling tubes. The braze joint that attached the screens to the tubes
must be void free and completely surround the roots of the screen strands to pro-
vide a solid braze material heat transfer path between the screens and the tubes.
At the same time the upper region of the screens (region nearest the hot gas
surface) must be free from braze material to allow the electrode ceramic to be
in close contact with the current collector screen. At the hot gas surface the
current collector screen operated at temperatures above the melting points of
the braze material. Consequently, any braze material deposited on the screens
in that region would melt away during the initial runs. This would leave voids
between the screen and the adjacent ceramic which would interrupt the flow of

electrical current between the screens and the electrode ceramic.

To begin tie assembly procedure, the braze joint areas of the cooling
tubes and screens were cleaned. A special alignment fixture was used to locate
the screens on the midplane of the cooling tubes with the folded edge of the screen
in contact with the surface of the cooling tube. The extra width, double thickness
screens were then temporarily attached by tying the screens to the tubes with fine
Nichrome wires along the length of the tubes. 'The melting temperature of the
Nichrome wires was above the brazing temperature so the wires maintained their
integrity during the brazing process. Next, the braze joint regions were coated
with flux. The screens were then mamially torch brazed to the tubes with careful
attenticn given to the amount of braze material that was applied to ensure that a
reliable heat transfer path was formed. The upper regions of the screens were
coated with a braze stop-off masking material to prevent the braze material from
peneirating the prohibited areas of the screens. The temporary Nichrome wires
were then removed. The experience gained during this fabrication process indicated
that the successful fabrication of the screen tube braze joint was critically dependent
on close adherence to the brazing process develeped for this application.
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b, Soldering the Copper Cooling Fins to the Cooling Tubes

The outside surfaces of the cooling tubes were cleaned to remove any excess
screen braze materiai. The fins were then fitted to the tubes to ensure a close fitting
solder joint. A special alignment fixture was used to locate the fins which were then
temporarily attached to the tubes with intermittent tack weclds along the backs of the
tubes. Next, the assemblics were removed from the fixtures and the fins were
torch brazed to the tubes. The excess current collector screen widths were then
trimmed to size by grinding the screens down flush with the edges of the cooling
fins. A problem was encountered with various amounts of excess solder material
flowing into the ceramic groove regions because of the wicking actions of the narrow
slots. The excess solder was ground out by using a narrow, high speed rotary

abragive disk grinder.

¢. _Assembling the Corner Blocks to the Cooling Tubes

The corner blocks had several critical requirements relating to their
agsembly to the cooling tubes. The inside radius surface of the blocks must be
precisely oriented to form the smooth internal contour of the channel along the
corners between the adjacent walls. Since the corner blocks must be cooled by
the tubes, a reliable heat transfer path was required. The corner blocks also
functioned as structural members - tying the two halves of the frame together
and reinforcing the cooling tubes in the other two corners.

Since each electrode frame had two cooling tubes, the previous operations
produced "half-frames" consisting of cooling tubes with attached screens and fins.
At this point each pair of balf-frames with their accompanying four corner blocks
was temporarily placed on the channel assembly mandrel at the correct locations,
The corner blocks were temporarily tack welded to the half-frames, the combined
frame assembly was remnved from the mandrel, and the corner blocks were securely
torch brazed to the half-frames. This procese formed a continuous electrode frame.
This operation was the first critical use of the asgembly mandrel, which wag used

as the master sizing gage to achieve the fabrication tolerances of the frames. s
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d. Attaching the Frame Anchors to the Outer Edges of the ¥Frames

Four electrode frame anchors were positioned on each frame. Two anchors
were placed on each diagonal side member of the frame as shown in Figure 24.
They were temporarily attached to the frames by tack welding, and then firmly
attached by soldering the entire lengths of straight sections of both ends of the
anchors to the outer edges of the electrode frames.

e. Installing Taps at the Corners of the Frames

The pressure taps were installed in ten electrode frames which were evenly
spaced along the length of the channel. The predrilled brass rods were temporarily
tack welded to the corner blocks, and then they were permanently attached by
soldering. The predrilled hole in the brass rod was used ag a guide to drill an
in-line hole through the corner block. This hole provided a passage from the hot
gas surface through the electrode frame to allow the measurement of the gas static

pressure.

f. Water Flow and Leak Testing

Water flow and leak tests were performed on each electrude frame. No
leaks were anticipated because of the "continuous cooling tube design. However,
the high rates of heat transfer present during operation required relatively high
water flow velocities, Consequently, the pressure drop from inlet to outlet in
each frame was measured at the flow rate required to remove the expected thermal
load imposed on the channel by the hot plasma. The test results indicated satisfactory

water flow v locities, and theve were no leaks,

g- Dry Assembling of the Electrode Frames on the Alignment Mandrel

A dry assembly of all the electrode frames was made on the mandrel to
check the frame dimensions and fit-up relative to the mandrel and to each other,
The exit duct wae mounted on the mandrel and thea each frame was positioned at

its nominral location on the mandrel. A partially completed dry assembly is shown




in Figure 30. Each frame was inspected to check the interelectrode spacing,
the gap between the frames and the surface of the mandrel, and the angle of
inclination between the sides of the frames and the axis of the channel. At this
stage the dimensional tolerances were found to exceed the design specifications,
One problem was caused by the width of the frame cross sections (reference
Figure 6). 7The solder joints between the cooling fins and the cooling

tubes were thicker than expected. This caused the overall cross section widths
to ibe greater than the design values. The growth was compensated for by in-
creasing the frame-to-frame pitch dimensions accordingly so that the interframe
insulation space along the side walls was consistant with the design values.
Although this appreach improved the frame spacing along the side walls with the
diagonal frame members, it simultaneously introduced other dimensional problems.
Because of the diagonal geometry relationships between the side members and the
cross members of the franues, the increased frame spacing along the side walls
introduced greater spacing dimensions between the cross members along the top
and bottom walls. Consequently, the interframe gaps were over the design
dimensions. In addition the inrreased f.ame-to-frame spacing required the
frames to be offset along the channel axis from their design positions. Since the
inteinal opening of the channel was tapered (divergent), the axial shift of the frames
introduced radial dimensional vriations over the design values. Consequently,
considerable effort was required to optimize the positioning of the frames during
the final frame assembly process.

4. CERAMIC EMPLACEMENT

'fwo types of refractories were used in the lightweight MHD channel: a
zirconia-based electrode ceramic, end an alumina-based insulator ceramic. At
bigh temperatures the zirconia ceramic served as a current conductor within sach
frame while the alumina ceramic pr-wided electrical insulation between adjacent
frames. Figures 31 and 32 show the locations of the ceramics.
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Figure 31, Typical Cross Section of Electrode Wall.
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Substantial experimental testing was performed in order to find an optimum
ratio between each ceramic and its binder. From a fabrication standpoint the
ceramic/binder mixture must have a reasonably long pot-life, a viscosity consistent
with the installation technique, and the correct mechanical and electrical properties
to permit operation of the channel.

Several dozen sample mixes were prepared, poured into a multi-cavity
mold, and baked for two hours at 330-335 K. The wafer-shaped samples, shown
in Figure 33, were then weighed, visually inspected, fractured, inspected again
and categorized according to strength, surface finish, and porosity. Finally, the

optimum mixtures were selected.

a. Electrode Ceramic

Prior to the final assembly of the frames on the mandrel, the electrode
ceramic was emplaced between the copper fins and Inconel screen on all four sides
of each frame. Ideally, the ceramic must also fill the screen interstices, providing
merchanical strength and efficient heat transfer. Before the emplacement all frame
assemblies were degreased to promote ceramic adhesion. Wood racks were made
which were capable of holding seversal electrode frames at a time facilitating both
the filling and baking operations.

The formulaticv (and Latch size) selected for the electrode ceramic was:

37g - zirconia
6.5g - zireonium di-boride (standard chemical grade)
7 ml - zirconia bonding liquid

After determining the mass of the zirconia and zirconium di-boride separately,
the two powders were then thorougaly dry mixed together in a container. This
was done by rotating the coatainer with the container axis tilted from the vertical
position. Next the bonding liquid was slowly added to the container and
thoroughly mixed with a small flat metal spatula. This spatula was also used




Figure 33. Electrode and Insulator Ceramic Samples.
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as the emplacement tool. When the ceramic became uniform in consistency and

color (purple-gray), the filling operation was initiated.

Several frames were filled simultaneously, one cide at a time. The ceramic
was added to the frame grooves, tamped down and leveled off. Next, the electrode
frames were vibrated to eliminate the entrapped air bubbles. The vibration step
was accomplished with the frames in a wooden rack. After 30 seconds the ceramic
was ingpected and more ceramic was added if necessary. Precautions were taken
not to vibrate the ceramic too long because the bonding liquid would precipitate
out of the matrix and float to the surface.

Following an air drying of about twenty minutes, the frames were rotated
90 deg to an adjacent side, and the filling process was repeated. When all sides
were completed, the rack was placed in a preheated oven set at 330-355 K for
two hours. Figure 34 shows several frames just after the baking operation.

The finishing operations consisted of adding more ceramic if necessary
and rebaking, and then smoothing the ceramic surface with silicon-carbide cloth
(220 grit) flush with the tops of the copper fins. Following a final visual inspection,
the frames were then ready for the final assembly on the mandre}l (see Section II-5).

b. Insulator Ceramic

The insulator ceramic was emplaced between adjacent frames, following
the final fit-up of the frames on the mandrel. Ideally, the interframe gaps were
filled from the hot gas surface (mandrel surface) to at least the ceater of the cooling
tubes (see Figure 32). In addition the ceramic was emplaced around the tubes on
both entrance and exit ducts to the same height as on the frames. This was done
most effectively with the mandrel/frames assembly position:d horizontally in the
winding fixtu re and oven assembly,
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The formulation and batch gize selected for the insulator ceramic was:

75 g - alumina powder
12 ml - wsater glass {(calctum silicate)
4 ml - distilled water

Following the mixing of the water glass and water in a small graduated
cylinder, the required mass of the alumina was obtained and placed in a mixing
container. Next, the binder liquid was added, and the mixture stirred into a

uniform ceramic mixture with a small flat metal spatula.

Because of the wires and shims used to position and constrain the frames
on the mandrel, the emplacement of the insulator ceramic was a multi-step pro-
cess. Working on the top side of the assembled channel, the accessible gaps were
filled with ceramic using spatulas and air dried for about 20 minutes before rotating
the channel and proceeding to the next side. Next, the assembly was baked for two
hours at 330-355 K. After allowing the frames to cool, the shims and wires were
removed and the ceramic emplacement continued. Following a second bake and
cool-down cycle, the gaps between the corners of the frames were filled, one at
a time, with the corner being filled when it wae positioned on top. After the
third bake/cool-down, final repaira and touchups were made. A fourth bake
completed the emplacement. Figures 35 and 36 show the emplacement in progress
and completed, respectively. Fortunately, the fine nature and low viscosity of
the insulator ceramic mixture precluded the need for vibratory de-aeration.
Periodic rodding and tamping with the metal tools resulted in a dense, smouth
ceramic.

5. FINAL FRAME ASSEMBLY, CASE FABRICATION AND
FINISHING OPERA TIONS

a. Final Frame Assembly

The final frame assembly was one of the most important tasks in the
fabrication of the lightweight MHD channel. Once the frames were in position
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on the mandrel with restraining wires and shims, they could not be moved. This
restriction required the electrode frame fit-up to be done methodically and with

care.

Critical to successful fit-up was the mandrel. In addition to the uses men-
tioned in Section III-3, the mandrel served to establish the amooth inner coatour
of the channel until the glass epoxy shell was fabricated o support the frames. By
using a locating gauge (see Figure 37), the nominal location of any one of the seventy
frames was automatically established. For each franie the gauge was secured to the
mandrel by pins and a unique pair of holes. The dovnstream edge of the gauge was
the theoretical upstream face of the frame.

The fit-up procedure for the lightweight MHD chamnel began by mounting
the mandrel in a vertical position to a2 workbench on the exit (large) end. To
facilitate the removal of the frames after the case curing, liquid mold release was
applied to the exterior surfaces of the mandrel. Following the installation of the
exit duct, the frames, starting with the largest one, were fitted to the mandrel.
Steel and aluminum shims were placed between the frames to guarantee proper
spacing while wire was used to secure each frame (see Figure 37) to the exit duct
via the cooling tube ends. This operation required an optimization among the
following: 1) the nominal frame location, 2) interframe gaps, 3) the slant
angle of the frame, and 4) the frame to mandrel gap.

Because the frame manufacturing tolerances were not held sufficiently
close to the design specification to permit compliance with all four of these
conditions, the fit-up sequence required several weeks of work, the remanufacture
of several frames and custom fitting (filing, sanding and ccld forming) of many
others. In addition, three complete frame fit-ups were required before the fit-up
effort showed that any further gains in optimization would not be cost-effective.

Figure 38 shows the final assembly nearing completion.
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Figure 38, Final Agsembly of Frames on the Mandrel.
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The end result of this work was that although the frame position and angle
were held quite close to the nominal design values, the interframe gaps, especially
at the top and bottom walle, were not. Gaps ranged from 1.3 mm to 3, 8 mm versus
+0.05 ™M " The variance was attributed to the technique
~ 06.00 mm
of frame manufacture and the lack of inspection - in particular the frame thickness

at the top and bottom. Also, the frame to mandrel gaps, nominally 0-0.25 mm,

a ¢ pign value of 1. 67 mm

were oversize, particularly at the too and bottom of the frames. All interframe
gaps and frame/mandrel gaps were documented so that a reconstruction of frame
locations could be made if necessary, Following the installation of the inlet duct,
the entire frames/mandrel assembly was mounted into the winding fixture.

Second in importance to the mandrel, the combination winding fixture and
oven was algo utilized for a variety of efforts. The fixture was hasically a box
constructed of stoel angles and 2.5 mm thick Transite sheets. The box was made
in two halves, which were readily separable. The lower half contained self-aligning
ballbearing., which supported the trunnions, bolted to each end of the mandrel.
This half also contained an electric motor with an infinitely variable speed control
and a reversing switch. A '"V' belt and pulleys transmitted power to one of the
mandrel trunufons. The upper half of the box contairsd several large strip heaters,
a small blower, baffles, a light, two view parts, and two thermocouples, A
temperature controller, which connected to one of the thermocouples and {o a relay
which switched the heaters on and off, provided a stmple, reliable means to control
oven temperature. The winding fixture was used as a work station for ceramic
and silicone rubber implantation, a lathe for the filament winding of the case, and
an oven for curing the ceramic and epoxy resin.

At the same time the frames/mandrel agsembly was mounted in the fixture,
two other operations were performed. Large teflon flanges were mounted to the
end of the mandrel to provide surfaces against which the fiberglass fillaments could
be wound. In effect these flangea defined the ends of the case, Small tapered
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Buna-N plugs were also inserted in the cooling tube ends to prevent any foreign
matter from entering the tubes and reducing the water flow rate. At this point
in the fabrication process, the insulator ceramic was installed as described in
Section Il-4. Figure 36 shows the frames/mandrel assembly mounted in the
winding fixture, just after the insulator ceramic has been installed.

b. Case Fabrication Assembly

The case of the lightweight MHD channel consisted of a filament wound
fiberglass/epoxy resin shell which was separated from the frames by a 0.8 mm
to 1.5 mm thick layer of silicone rubber, which formed the '"hot gas barrier'.
The frames were secured to the case with four "anchors' made of beryliium-

copper wire and soldered to the frame fins.

The first step in fabricating the case was to install a 0.8-1.5 mm thick
layer of sell-leveiing, room temperature vulcanizing (GE RTV 112), silicone
rubber to the exterior of the frames. As was the case with the Insulator ceramic
application, this was a multi-step operation. The sides were coated one at a time,
with 30-minute waiting perfods before rotating the mandrel. Next, the RTV was
applied to the cornera, one edge at a time, After allowing the silicone rubber to

cure for 24 hours at room temperature, the excess material was cut away with knives.

Next, short lengths of 12,7 mm x 9. § mm silicone rubber tubing were installed
on the ends of the cooling tubes. The purpose of the tubing, which was later removed
after curing of the shell, was to mold a cavity in the case around each cooling tube.
The cavity was then filled with self-leveling RTV silicone rubber. This formed,
in effect, a continuation of the hot gas barrier,

Before the details of the case fabrication are discussed, a description of the
materials and tools required is necessary. The epoxy resin aystem used consisted
of Shell Epon 828 (100 parts by maas), Miller-Stephenson NMA nadic methyl anhydride
curing agent (100 parts by mass) and Milier-Stephenson DMP-30 acid-based accelera-
tor (2 parts by mass).
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Fiberglass was used in three forms: roving (Volan A treated, 60 ends of 150
continuous filaments, "G filament), woven roving (same specifications as roving,
but woven into a matte of 41 g per 1000 cmz), and woven fabric (Volan A treated,

satin weave, 30 g per 1000 cmz).

The case derived the bulk of its strength from the fiherglass roving. The
woven roving was primarily filler material, which provided a great deal of bulk

to the case; whereas the fabric was used as a filler layer, primarily for cosmetic

purposes.

A dispenser reservoir and mechanism was used to wet the roving and then
remove the excess epoxy. The roving was manually guided as it passed over the
rollers and the rotation of the mandrcl was also manually controlled. The roving
tension was adjusted during the winding process to insure that the tension was
always sufficient to provide a "tight,' filament winding. The continuous rotation
of the mandrel during the winding process minimized the amount of epoxy which
dripped onto the base of the winding fixture. Brushes were used to wet both the
woven roving and fabric during the winding process. Special serrated rollers
were also used to pump out any air bubbles introduced by the winding and lay-up

processes.

Ti:2 next step after the RTV installation was the fabrication of the "inter~
face layer' of fiberglass. This layer provided the boud between the hot gas barrier
and the case. Since uncured silicone rubber was about the only material which
would saiisfactorily bond to cured silicone rubber, the following technique was
employed. To each side of the frames/mandrel assembly, two layers of large
rectangular pieces of woven flberglasse fabric, semi-soaked with RTV silicone
rubber, were attached. They were allowed to cure 24 hours at room temperuture,

When wetted with epoxy resin, these layers of glass cloth became the "interface"

between the rubber and ca: e.




Using a curved sail-maker's needle, 125 mm long tassles of roving were
fastened to the anchors by threading through the interface layer, These tassles
were eventually meshed into the case to provide a secure bond between the anchors
and the shell. Figure 39 shows these tassles in place. Epoxy resin was applied

next to make them stand up while the roving was wound around them.

In order to monitor the case huildup, initial measurements were made on
each Teflon winding flange from the outside edge down to the interface layer.
Periodic measurements were made and compared with these initial figures to

provide the case thickness at any time during the filament winding process,

Using a bristle brush, a generous amount of epoxy resin was applied to
the interface layer, thoroughly soaking it. The layer was then rolled using the

gerrated rollers to remove excess air.

The roving winding was initiated by tying the roving to a cooling tube at
the inlet end of the asgembly. Then, using the motor to rotate the mandrel, a
layer was wound from inlet to outlet to inlet with no bias and no serpentine.
(Note: blas refers to the angle between the wound~on roving and a vertical
plane; serpentine refers to the routing of the roving around the two tubes at the
frame cornerg in ar. ''S" ghaped manner.) The tassles were then trimmed to

25 mm length and kept erect throughout the following steps.

Again, roving was wound inlet to outlet to inlet with no bias or serpentine,
Next, many small pieces of wover roving were added to the frame corners, to
hasten the case bulldup. Then roving was added at a 45 deg bias, no serpentine,
from inlet to outlet. Then from outlet to inlet at a 135 deg bias with no serpentine.

Next, several layers of woven fabric were added to fill many of the volds,

The steps described above were repeated a8 many times ag necessary to
build up the case as uniformly as poseible. The bias was changed to fill in gaps
hetweer. adjacent roving windings, while filler pieces of woven roving and scrpen-~

tine winding were used to fill in gaps around the tube ends.
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About two-thirds of the wuy through the winding process, the tassles were
flattened and rolled thoroughly into the case. In addition,anchor plates, used to
secure the front end of the channel to the combustor nozzle, were wound into the

case at the top and bottom of the inlet end.

Following more winding and filling, the case thickness was measured again,
As the case thickness approached the design goal (3 mm - 5Smm thick in the corners
and 6 mm - 10 mm thick at the midspan of the sides), the final layer of roving
was applicd. This layer of roving was applied somewhat tighter and drier than
preceding layers. Thir was done for cosmetic reasons and also to absorb as
much of the extraneous epoxy resin as possible. Following a final rolling, the
roving end was cut off and buried within the shell. A final brushing removed most
of the excess material and smoothed over the case exterior. Next, two dial thermo-
meters were attached to channel assembly to monitor cure temperature (one to a
cooling tube and one to the mandrel). The winding fixture motor was turned on
and adjusted to rotate the channel at about 7-10 rpm to prevent epoxy from dripping

from the shell.

The top half of the winding fixture/oven was set in place and the heaters
turned on. The total cure for the case was =~ 20 hours, which included a 6-8 hour
warmup and 14 hours at 370 K. Temperature readings were read and recorded
every half hour throughout this period. Following the shutdown of the heaters,
the top of the fixture was removed and the channel allowed to cool very gradually.
Figure 23 shows the channel following the cooldown.

c¢. Finishing Operations

The channel finishing operations consisted of sealing the cavities around
the cooling tubes, sealing the area around the entrance and exhaust ducts at the
ends of the channel, removing excess epoxy, RTV, foreign matter, etc. from the
exterior of the channel, and finally, repairing and finishing the interior of the

channel once it had been removed from the mandrel.

89




Following the attachment of the cooling tube fittings (see Section [11-6),
the first firishing operation was to remove the temporary tube end seals of
silicone rubber tubing from the cooling tubes, and then clean and abrade the
resultant cavities. This was effectively done with a pencil-type sand blaster
possessing a nozzle small enough to be placed within the cavities. The purpose
of abrading was to promote good adhesion between the glass/epoxy shell and
the RTV rubber. Following a cleaning with a mild aleohol solvent, the seals
were cast in place, one corner at a time with a 30-minute waiting period before
rotating mandrel, using a sclf-leveling RTV silicone rubber. After a 24-hour
cure excess RTV was cut away,and the case was washed down with alcohol to

remove foreign matter.

At this point the mandrel was removed to inspect the hot gas surface,
After removing the self-aligning bearings, the asz~mbly was carefully lifted
out of the winding fixture onto a work bench. The channel was supported by
wooden blocks on the bottom of the ¢case and the trunnions were unbolted. Next,
the channel was upended onto the exit end and supported by wooden blocks placed
under the case end. The mandrel was then tapped downward very gently with a
plastic haimmer. Because of the taper on all four sides of the mandrel, the loose
fit between the frames and mandrel, and the Teflon and mold release coatings,
the mandrel was easily removed. The channel was then supported horizontally

so that a detailed inspection of the interior could be made.

Thig inspection revealed that the interior surfaces were unsatisfactory.
While the electrode ceramic was in place and required only minor repair, the
insulator ceramic had worked into the gaps between the frames and the mandrel.
The end result was a very uneven hot gas surface with wide patches of alumina
between the frames. There were also many voids in the alumina-reginns where

the frame/mandrel gaps were not completely filled with alumina.

The first step to improve the interior was to level the alumina as much
as possible. This difficult task required the use of double cut files, a hand-held
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grinder with h2 rdencd grinder bits and aluminum oxide paper,  Following this
task and a thorough vacuuming, the gaps in the electrode ceramic were filled
using smuill sputulas with extension handles and inspection mirrors, One side
of the channel at a time was repaired with work proceeding from each end of
the channel. At this time all pressure tap holes were cleared with short lengths

ot hardened music wire, securced in pin vises, using a4 rotary drill-like motion.

After curing the electrode ceramic with a lamp at 340-360 K for three
hours, the insulator ceramic wag repaired and cured in a sin.flar manner., At
this point the alterniate bands of ceramics were essentially void free and uniform
in width. However, the interior surfiuces were not smooth. The poor frame-to-
mandrel fit created “waves' in all four sides of the channel which were completely
undesirable and required repair. As a {inal interior finishing operation, a coat of
insulator ceramic was applied to the entire interior surface; thin enough to not
seriously impair channel operation, yet thick cnough to smooth out most of the
waviness of the surfices. ‘This was accomplisherd with a small tool similar to

a hoe, and a trowel, Then the 2lumina was cured, finish sanded and vacuumed,

Next, beads of non self-leveling RTV silicone rubber were applied to
grooves in the case around the inlet duet and the exhaust <luct, thereby completing
the hot gas barrier. Finally, interior bore measurements at the inlet and exhaust

faces were measured with vernier calipers and recorded.
6. COOLING SYSTEM

The huilding of the cooling system for the lightweight MHD channel and
diffuser involved the fabrication of fittings, interconnecting tubes and manifolds;
and tne installation of fittings, ferrules and flexible cooling tubes., The specifics
of the cooling system design have been described in Section 1I-5.
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a. Channel Cooling

The fahrication of the electrode frame cooling tubes was discussed in
Section III-3 and will not be repeated here.

The fittings which connected the flexible cooling tubes to the frame and
duct cooling tubes were custom screw machine products made of brass, Two
configurations were uzed: straight, and 90 deg, elbow. One end was barbed to
provide a grip for the flexible ubing while the other was bored to provide a
0.08 mm - 0.13 mm clearance fit over the frame and duct tube ends for soldering.

The flexible tubing used to connect the intake and exhaust manifolds to the
frame and duct cooling tubes and also to connect some frame half-loops in series
was made of nylon. The tubing was 9.5 mm O,D, witha 1.3 mm thick wall and
rated for 28 atm.

The majority of the interconnections hetween frame half-loops and between
duct cooling tubes were made with atandard 90 deg elbow ""'sweat type'' copper
fittings and lengths of formed copper tubing; and with custom brass fittings and
lengths of formed copper tubing. The custom brass fittings were essentially
blocks with holes drilled in two adjacent sides to form a 90 deg bend in the cooling
water path. They were used primarily at the exhaust end of the channel where
interference problems with the MHD generator magnet were of prime concern.

The manifolds for cooling the channel were made from 76 mm G. D, copper
tubing, fitted with end caps and barbed fittings. All joints and connections were

brazed.

The first step in building the cooling system was to precut the nylon tubing.
Next, ferrules were made from thin wall alumipum tubing. The barbed fittings
were pretinned witk solder at the sweat end and pressed into the nylon tubing.
A ferrule wis slipped over the tubing at the center of the barbed region. Using
a Maxwell MagneformTM machine with a circular field shaper, each ferrule

was securely clamped in place through the process of magnetic forming.
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The second operation was to solder all the interconnecting elbows and
copper tubes in place. Heat shields were used to protect the case ghell from
the soldering torch flame. This was done before the tube end seals were cast
in place since the heat would destroy the seal (see Section 11I-5) All elbows
and copper tubes were pretinned. After the tubes were soldered to the elbows,
the elbows were soldered to the frame and duct tube ends. See Figure 40 for
a view of the inlet end of the channel.

The next operation was the most complex step: the soldering

of the barbed fittings to the frame cooling tubes. Again, this was done before
the tube end seals were cast in place. Because of the high thermal conductivity
of the copper, a torch was also required for this operation. Numerous asbestos
heat shields were used to protect the nylon tubing and the channel case, Heat
sinks were used to protect the clamped end of the tubings. For this operation,
each frame tube end was carefully heated. Next,the appropriate tubing/fitting
assembly was placed over the tube end and correctly oriented while heating con-
tinued. Once the solder wicked freely around the joint, the torch was quickly
removed, While a satisfactory technique was developed, some of the tubes were
damaged and had to be replaced and some joints required resoldering. The end

result however, was a leakproof joint at each connection.

Throughout this operation,the routing of the tubes was a prime concern
(see Figure 41). A sizing gage, simulating the envelope into which the channel
had to fit, was used to establish the optimum placement of the tubes.

Finally, all the tube ends were tagged to indicate the frame half loop or
duct loop the end was connected to and whether the end wars an inlet or outlet line.
For example, 47A1 described the inlet tube for the "A" half-loop of frame #47
and "BI" described the inlet tube for path B in the exhaust duct.
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A1l of the manifolde were shipped with the channel, but were unconnected,
The final connections were more readily made with the channel installed using
standard compression type clamps to secure the tubing to ithe barbed manifold
fittings.

b.  Diffuser Coolirg

The Eabricaticn of the diffuser ¢ooling tubes 18 discussed in S<ction LI-7
and will not be repeated here.

The fittings which connected the flexible cooling tubes to the diffuser
copper tubee were custom screw machine producte made of brass and copper
sweat elbows. Two configurations were uged: straight, and 90 deg elbow. One
end of each fitting was barbed to provide a grip for the flexible tubing while the
other was bored to provide a 0,08 mm - 0. 13 mm clearance fit over the diffuser
tube ends.

The flexible tubing used was the same type used on the channel but was
13 mm O.D, witha 1.6 mm thick wall. The pressure rating was 28 atm. The
interconnections between the diffuser half-loops were made with formed copyrer
tube fittings shaped like the letter "C". A collar with an I.D, large enough to
accept the C. D, of both the fitting and the diffuser tube was fabricated and soldered
to the Atting.

‘The manifolds (two inlet and two outlet) were fabricated in the same faghion
as the channel manifolds. The only difference was the diameter (102 mm) and the
mumber of barbed fiitings.

The first step in fabrizating the diiffuser system was to precut the nylon
tubing. Next, after tinning the sweat end of each interconnection, the interconnects
were noldered in place. In order to protect the sil'- 'ne rubber case, hea' sinks
and shields were used. Next, the barbed fittings were attached in a similar
manner (see Secticn 1l1-7). Finmally. each barhed fitting was tagged in order to
froilitate installation.
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The manifoidn and tubing were shipped with the diffuser, but were unattached.
Final attachmernt was best done at ins*allation using standard compreasion ci: mps

to secure the tubing to the barbed fittings.
7. DIFFUSER FABRICA TION

a. Shell Fabrication

The basic shell of the lightweight MHD diffuser (see Figure %) consisted
of a straight section, a diverging section, and an ntrance flange, The two sections
were fabricated from 1.2 mm thick copper using development patterns. Each
section contained a longitudinal seam at the top and bottom. The seams and the
sections were joined together with a high temperature braze allvy.

The entrance flange, containing tho bolt holes for attaching the diffuesr to
the channel, was machined from 2.4 mm thick copper and wa2 also brazed to the
shell. Finally, all braze joints were ground flush with the copper and the shell
was thoroughly sandblasted and degreased. Figure 42 shaws both ends of the
completed shell.

b. _Pressure Taps

T> monitor the gas static pressure, six pressure taps were fabricated and
installed. Thess were later counocted to pressure transducerg. The taps were
turned “rom #303 atainleas steel rod, 6.3 mua in diameter. A 0.8 mm diametar
hole was drilled through the length of the rod providing & pasaage for the pressure
measurement. Six bnles were drilled in the bottora side of the shell and the pressure
tans were silver soldered in place.

0.  Cooling Tubes

The cooling tubes for the diffuser were fabricated from 8.0 mm O, D, x
0.8 mm wall nopper tubing, The criginal plan was to fabricate forty-four loops
from this tubing and solder them to the shell. During the assembly of the first

s ww
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(A) Inlet End

(B) Exit End

Flgure 42, Inlet and Exil Ends of Lightwelight Diffuser Shell.




few cooling loops, the difficulty in maintaining intims - . tact between the loops
and all four sides of the shell became quite ap, 1+ t. A solution to this problem
was to create each loop using two "'L'' ghaped "half-loops' and later interconnect
them with custom formed fittings (see Section 1lI-6). With this approach a close
fit between the tubes and the shell was easily achieved.

In addition to the change desecribed previously, thermil analysis indicated
that the area of contact between the tubes and shell necded to be increased. This
was accomplished by flattening the tubing into a """ shape before forming the "'L"
shaped half-loops, A die was machined from steel to accomplish this (see Figure 43).

Pressure was provided by a 22,000 N cam-driven punch press,

‘The eighty-eight half-loops were then soldered to the shell in planes per-
pendicular to the hot gas flow path. Four different spacings hetween the loops
were uged in order to accommodiate the varying thermal londs imparted to the

shell by the hot plasma. Figure 10 shows about 50% of the tubes in place on the
shell.

d. Ceramic Felt

In order to protect the silicon rubber blinket (see Section III-6.¢) from
the hot copper shell, moldable lightweight ceramic felt waa applied to all four
sides of the diffuser. The felt was supplied in afr tight plastic bags in roll form
and was easlily cut and shaped because of its moist condition. However, once the
felt was alr dried for several hours,. it hardened. A second advantage of this
lightwelght yet bulky material wag that it provided a relatively flat base for the
wubber, thereby facilitating the application process. At this point plastic plugs
were snapped on the ends of the tubes to prevent silicone rubber from entering.
See Figure 44.
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e. Silicone Rubber Blanket

The final step in building the lightweight MHD diffuser was to apply an
exterior blanket of blue RTV silicone rubber, This was done not only for cosmetic
purposes, but also to secure the felt in place. While there was a slight adhesive
hond between the felt and the copper, the felt would have fellen off when handied
if the rubber had not been applied,

The specific material used was supplied in two parts: a combination dye/
activator and the uncured rubber. Following a thorough mixing, the material was
applied to the diffuser, one side at a time while the diffuser was mounted horizontally.
After a 24-hour cure, the diffuser was turned 90 deg to expose the next side. The
rubber was somewhat self-leveling so that a fairly smooth, uniform application
wasg possible to achieve. After the sides had been covered, the corners were
filled and cured. Throughout the application small "dams" were made using
flexible zinc chromate tape to contain the rubber to one side, or to one corner,

until the cure was completed,

Following this operation, the cooling tube fiitings were attached., Figure 45
shows the completed diffuser,
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SECTION IV ]

MHD GENERATOR TESTING PROGRAM

1. WATER FLOW TESTS
a, Introduction

Of all the tests performed on the lightweight MHD channel and diffuser
during fabrication, none were more important than the water flow tests. These
tests measured the pressure drop in each cooling passage at ‘he water mass flow
rate required to remove the nominal thermal load imposed on the channel and i
diffuser by the hot plasma. In the case of the channel, these flow tests were done
twice - before and after the final frame fit-up. In addition, prior to the cage 1

wind and cure, each passage was checked for any obstructions. The diffuser
was flow checked once following the attachment of the cooling tube fittings ,]
(see Section 111-6). |

b. Test Set-Up and Operation

A very simple, yet reliable test apparatus to measure the pressure drop
for a given water velocity wes designed, fabricated, and checked out. A pressure ‘
vassel with one end modified to accept the multiple fluid flow lines provided the
high pressure water supply. The three fluid feed lines in one end of the pressure
vessel were: 1) a low pressure water feed with a valve; 2) a high preasure air
supply with a pressure gauge and a quick disconnect fitting; and 3) a high pressure
water exhaust line with a fast action ball valve, In addition to the pressure vessel
hardware, a second pressure gauge, connecting hoses, water collection container,

timer, and platform soale were utilized. The pressure vessel waa filled with tap

water at a pressure of #2 atm, and subsequently pressurized to a higher pressure
by the high pressure air line. The half-frame or multiple half-frame cooling loop
under test was then connected between the high pressure water line and the second




presture gauge. The hoses were connected to this gauge and the water collection
container. lsing the timer, test runs of known duration were made awd the mass
of water collected in the container during the test was determined. From the
diameter of the tubing and the data collected during the test, the velocity of the
water was calculated. This value was then compared to the velocity which would

theorciically produce the required convective film coefficient.

The system pressure drop was algso measured and was subtracted from the
pressure drop across the cooling path to yield the "cooling loop pressure drop. "
Using quick disconnect connectiona to the half-frames and a congistent sequence
cf operations, the water flow tests provided the hydraulic data which were later
used to predict the cooling water requirements for the channel and diffuser.

¢. Channel Flow Tests

The water flow tests for the channel consisted of the pressure and flow
checking of each of the seventy {rames hefore the final fit-up, the checking of
each frame for any flow obstructions after the final fit-up, and the pressure
and flow checking of each of thirty-eight cooling paths after the case fabrication
and cooling tube attachment. The first of these tests permitted a first approxi-
mation of the cooling system design while the last provided final raw data for the
final design described in Section II-6.

d. Diffuser Flow Tests

Following the attachment of the interconnecting fittings and nylon tubing
to the eighty-eight "half-loopa'" of the diffuser, pressure and flow checks were
made on each of the forty-four cooling paths. The raw data was used to verify
the final design (Section II-5).
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2. VACUUM TESTS

Proper operation of the lightweight MHD generator demanded a gas tight
channel. Even the slightest leak could eagily lead to the destruction of the gen-
erator because of the pressures and temperatures of the plasma. Therefore, a
reliable, effective method to check the gas seals of the channel case following
the case curing and sealing operations was required. Because of the tightness
of the continuous seam brazing of the diffuser shell joints (see Section I11-7)
and the fact that the gas stutic pressure in the diffuser is near atmospheric,
only the channel was leak-checked.

The tightness of the case was checked by creating a puriial vacuum with-
in the channel and monitoring any changes in pressure with respect to time. A
piston type vacuum pump with a capability of evacuating gas from a chamber
down to a pressure of 2 Torr, a low pressure gauge with a range of 0 to 50 Torr
in 0.2 Torr increments, and flat aluminumn plates were connected together.
Using RTV silicone rubber as the "in place' gasket, the plates were used to
seal off hoth ends of the channel. One of the plates was modified before use
to accommodate the suction line from the pump. An initial run was made to
check out the system using a previously fabricated experimental glass/epoxy

shell. No problems were encountered.

Because the proper operation of the lightweight channel demanded a
leak-free seal, strict criteria for the gas tightness of the case were imposed.

The case was required to hold a vacuum below ten Torr for ten minutes.

The plates were connected to the channel and the gas evacuation was
initiated. After a few minutes the lowest pressure was achieved, and the suction
line was closed off, isolating the channel vacuum from the pump. Several leaks

were immediately detected as the gauge needle rose steadily, A few leaks were

located at the end plates, but most of the leaks were at the cooling tube end seals,




These leaks were quickly and effectively sealed by applying more RTV silicone
rubber. Following a2 room temperature cure, the gas evacuation was repeated.
Only a few leaks remained. After repair the channel was retested and found to
be gas tight, as defined by holding a vacuum beiow ten Torr for ten minutes.

3. AFAPL EXPERIMENTAL TEST PROGRAM

The MHD test program for the lightwelght channel/diffuser system was
conducted by the Air Force in the AFAPL facility located in Building 71, Area B,
Wright-Patierson Air Force Base, Ohio with MLI advice and consultation. The
hardware was installed in the facility for testing according to the test plan developed
by MLI. During the test program, one hundred twenty-five hot fire tests of
average duration of five seconds were corducted. A full series of tests, including
thermal, low magnetic field and full power tests, were completed. The test
series is to be reported in greater detail in a separate technical report by AFAPL.

a. Facility Description

The overall schematic of the facility is shown in Figure 46. Figure 47
presents the details of the demineralized cooling system used to cool the MHD
channel. The deseriptions of the reactant feed system, the exbaust system,
the magnet system, the control, the instrumentation, and the data acquisition
system, and the electrical load and power take-off system have been presented
previously and will not be repeated here. 1,3

The facility was equipped with a water-cooled load resistor network to
provide & main load resistance of 0-32 ohms and air-cooled grading resistor
network elements ranging from 0 to 15 chms. The maximum power dissipation
capacity by the facility resistance network was 600 kW,

o [RR SN
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The instrumentation system provided measurements of termperature,
pressure, voltage, current, mass flow rate, and vibrations., Two data acquisition
aystems were available to record the data - a 100 channel, high speed data gystem
with a throughput data rate of 16.7 kHz and a 100 channel low speed ruata system
with a throughput datz rate of 40 Hz. These two gystems were augmerted for this
test program by a remote data acquisition unit of the Air Furce Flight Dynamiceg
Laboratory to record the accelerometer signals.

The nominal operating conditions of the AFAPL test facility are giveu in
Table 4. The flexibility of the facility operation permitted testing over a range
of oxygen/fuel ratios, electrical loads, seed mass flow ratec, total mass flow
rates, and magnetic flelda. Figure 48 shows a photograph of the channel/diffuser
sysiem installed in the test facility and ready for testing.

b. Test Plar Summary

The objectives of the lightweight channel test program were to demonatrate
200 kW of electrical power output and to complete a vibration analysis to determine
the frequency and amplitude of the channel vibrations. Three types of tusts were
completed: 1) setup and calibration of the MHD test facility; 2) checkout testing
of the MHD generator channel/diffuser system; and 3) MIID generator system
performance tasts.

The setup and calibration of the MHD test facility included the calibration
of the pressure, temperature, mags flow rate, voltage, current, and accelerometer
instrumentation., Also inclhuded waa a combustor test to esiabligh the combustor
start up and shut down procedures, the emergency shut down procedures, and the
control settings necessary for attaining the proper reactant mass flow rate. A
vibration nodal analysis of the lightweight channel was completed at the Air Force
Flight Dynamics Laboratory prior to installation in the MHD facility,
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TABLE 4. OPERATING CONDITIONS

fleactants
Fuel
Oxidizer
Seed
Teactant Mass Flow Rate
Comiustor Stagnation Pressure
Channel Inlet Conditions
Mach No.
Static Temperature
Static Pressure
Peak Magnetic Field
O/F Ratio
Seed Mass Flow Rate
Start-Up Timo
Mode of Operation
Plagma Conductivity

Chanrel Cooling System

e e iy s O —— AR ROCMORRITRT) W ©8 O g T e

111

Toluene
Gaseous Og

Powdered Lszcoa

0.3 kg/sec

10. 0 atm Nominal

2' 1
2700 K
0.956 atm

2.3 Tesla

Stoichiometric with range of 2,7-3.1

4-8% of Reactant Mass Flow Rate
< 1 gec
Pulse or Contimuous

10-20 mhos/m

680 liters/min @ 7, 8 atm (maximum output)
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The channel checkout tests of the MHD channel/diffuser were completed
to establish the cooling water flow rates, the wall heat transfer rates, and the 4
gas dynamic performance of the channel. Temperature, pressure, mass flow
rate, and vibration data were recorded. A performance evaluation of the channel !
and diffuser cooling system, which compared the calculated predictions with the
actual experimental values, was completed. “This analysis also evaluated the
overall performance and operating characteristics of the channel/diffuser system ‘
and verified that the components were properly installed and ready for the Miil

teat program,

‘The MHD channel/diffuser system performance tests were completed to
demonstrate the feasibility of the construction techniques used to fabricate the
ehannel/diffuser system and to verify the predicted performance levels. The
first performance test was conducted at a reduced magnetic field to verify that
the electrical circuit connections to each of the electrode frames were correct.
After the low magnetic field test was successful, the design power level test

program was completed.
¢. Thermal Tests

Several thermal test runs were conducted to insure that adequate cooling
water was available and that all control and operating systems were functioning
properly. Four electrode frame cooling loops were instrumented with thermo-
couples. This instrumentation provided the heat flux at several axial looations
in the channel. Figure 49 shows the measured axial heat flux distribution for the
lightweight ochannel as well as other channels operated at the AFAPL facility,

During these thermal tests measurements were made of the static pressure
distribution with no magnetic field applied. Figure 50 shows the pressure distri-
bution for a mass flow rate of 0,6 kg/sec. The figure shows that the pressure
recovery started in the diffuser inlet duct section rather than in the electrode
region of the channel. This, of course, indicated a more favorable pressure re-
covery condition and insured channel/diffuger system operation near the design
levels.
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Vibration measurements were also made during this initial thermal test.
Additional vibration measurements were made throughout the test program during
the non-power tests. The test description and the results of these tests are pre-
sented In Section IV-3.{.

d. Low Magnetic Fleld Tests

The initial low magnetic field power generation test was performed imme-
diately after the conclusion of the thermsal tests. This test was comple.sd to check
out the electrical performance of the MHD channel/diffuser gystem at low magnetic
fleld levels. The magnet coil current was 400 A, which produced a peak magnetio
field of 1.6 Tesla. The run duration was 4 seconds with a mass flow rate of 0.6 kg/
sec. The load electrical power output for this test was 73 kW,

The electrical power takeoff connections used for the MHD power generation
tests are shown in Figure 51. Twenty-four of the seventy electrodes were used as
the power takeoff electrodes. The values of the grading resistors ranged from 1.0
to 10,6 ohms at the channel entrance and from 0.6 to 7,0 ohms at the channel exit.
The values of these resistors were selected so that the generator performance was
satisfactory in the end regions of the channel for these particular loading conditions.

More detailed results for this test are showa in the next two figures.
Figure 62 shows the axial voltage distribution along the axial centerline, Because
the diagonal conducting wall channel did not have any split framns, no transverse
current measurements were possible, Likewise, transverse voltage measurements
were also not posaible. ‘The axial static pressure distribution in the channel and
diffuser {s shown in Figure 63,

a. Power Tests

The full power generation test program was performed immediately after
the conclusion of the thermal tests. This part of the testing program was signifi-
cantly influenced by two events that occurred during the test program. These events
and their impact are discussed below:
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AXIAL VOLTAGE DISTRIBUTION

'400[ TEST NO. LWC~007
10 MAY 1977
\ »
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Figure 62. Axial Voltage Distribution for Test L.WC 007,
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1) During the initial full power test, an electrical load bank failure
occurred causing the channel to operate into a nearly short circuit condition
for about two seconds. Since the electrical connections for the test were
established for a load resistance of 10.6 ohms, the short circuit condition
provided the potential for severely overloading some electrode pairs. This
condition could have severely damaged these electrode pairs. After the load
bank was repaired, a second full power test was attempted. Water leakage around
the load bank during this test also caused a short circuit similar to the previous
test.

1i) After the initial set of testing was completed, a complete review of
the apparent variances in this test series was completed. This review covered
four areas: seed system, fuel/oxidizer system, electrical connections, and the

data system,

During the initial test series the full electrical output was not obtained
until two seconds after the seed flow was initiated. This delay was attributed
to the cesjum carbonate grain size and seeder inertia. Previous tests had been
conducted with a mix of grain sizes below a maximum upper limit. This test
series was conducted with the cestum carbonate flitered between a maximum
and a minimum grain size. By using a single gcreen to permit retention of about
half very fine grains, the fast startup (less than 0, 26 sec) cepability was retained.
The reason for this result was attributed to the fact that during the seeder startup
trausient the small grains moved more quickly and easily through the mechanical

seeder.

A view of the fuel/oxidizer system: revealed a defective fuel drain valve
which caused the fuel flow to be subsatantially below the planned fuel flow rate.

This valve was replaced and the fuel flow rate measuring system was recalibrated.




The electrical connections were reviewed in detail to establish that all
electrical circuits were correctly connected. During this review two non-adjacent
electrode frames were discovered to have been inadvertently connected while

getting up for some vibration test measurements.

The subsequent test program that was conducted after these test facility
problems were resolved established the required generator electrical perform-
ance of 200 kW, The test conditions were the nominal operating conditions of
the test facility, as shown in Table 4. The total mass flow rate was 0.6 kg/sec
with a stoichiometric combustion chamber mixture ratio. The cesium carbonate
mass flow rate varied from 5-8% of the total mass flow rate. The peak magnetic
field was 2.3 Tesla; Figure 54 shows the axial magnetic fleld distribution. The
schematic of the electrical wiring diamgram for the lightweight MHD generator
performance testing is shown in Figure 51.

The test to date program consisted of 125 power and non-power test runs.
Figure 55 shows the axial voltage distribution along the axial centerline for Run
No. 122, which produced 195 kW of electrical power through the main load resistor.
Approximately 20 kW additional electrical power was dissipated in the grading
resistors. This power level was obtained at the nominal flow condition and stoichio-
metric mixture ratio. A comparison of the axial pressure distribution for a power
and non-power run is shown in Figure 56. A photograph of the interior of the channel
at the conclugion of the test program is shown in Figure 57. While the interior
surfaces showed some evidence of erosion, the design power level of the channel
was still obtainable at this point in the tust program. At this writing the channel
is still being operated by AFAPL to observe its life cycle.

{f. Vibration Measurements

During sixteen non-power tests, vibration measurements were made by the
Air Force Flight Dynamics Laboratory. The channel wall accelerations were sensed
by twelve accelerometers, which were located as shown in Figure 58. After the
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Figure 55. Axial YVoltage Distributior for Test LWC 122,
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Figure 57. Interior of Lightweight Channel at Test Program Conclusion.
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thirteenth run, additional x, y, and z accelerometers were mounted on the combustor
outlet flange to sense the motion near the inlet end of the channel. Using Fast
Fourier Transform analysis, power spectral density values were computed over

the frequency range of 0 to 500 Hz, with a resolution of 1. 22 Hz for each spectrum.

The highest measured value of spectral energy density was 0.06 gz/Hz at
53 Hz. Spectra of the various runs werc very similar, and a typlcal spectra is
shown In Figure 68. This result compares closely to the frequencies of 45 Hz
and 116 Hz determined In the Air Force Flight Dynamics Laboratory nodal analysis
laboratory and to the predicted resonant natural frequency of 66 :1z. The overall
rms acoeleration wus also computed, The highest overall acceleration was 0.8 g.
In order to assess the effect of the continued test program on the vibration responses,
the data were analyzed at selected times over a long series of hot fire tests. No
significant chanyes in the frequency or intensity of any mode were apparent nor
was any change in the damping characteristics evident. The individual soceler-
ometer frequency responses show several peaks which could be interpreted as

overall vibration modes of the channasl,

In order to dietinguieh between the bending and the breathing modes, the
acculerometer signala on the opposing sides of the channel were combined by
addition and subtraction. A typieal result 18 shown in Flgure 60 (addition) and
Figure 681 (subtraotion). No correlation between the motions of the opposing
aidea of the chanrel wus evident. Thig result was attributed to highly damped
structure of visco-elnatic fiberglazs ooating. Hence, the four walls moved more

or less independently,

The Alr Foroe Flight Dynaniica Laboratory completed additionnl data analysis
to estimate the x#tress lovels and thue the expected fatigue life of the structure,
Each wall of the channel was assured to be & beam with pinned ends, and each
spectral peak was considered to be a measuare of the slnusoida]l motion which

rvepresentad a mode of the structurs. Based on these assumptionz, an rms sireas
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Figure 69, Power Speotral Density for Test LWC 013,
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level was calculited from the spectral peak accelerations. Depending upon the
Young's modulus of elasticity used for the flberglags composite structure, the
channel fatigue life was estimated to be between 190 sec and § hours. This
range of fatigue life can be reduced by a better estinmle of the Young's modulus.

Since the channel has completed over 600 sec of operation without any degradation

of the channel wall structure, the channel has exceeded the estimated minimum
life.




SECTION V

RELIABILITY AND MAINTAINABILITY ANALYSIS

1. INTRODUCTION

The purpose of the Reliability and Maintainability Analysis (RMA) was to
eliminate or minimize the probability of occurrence of the failure modes that
could have affected the system performance or operation, The channel/diffuser
RMA was given careful consideration and study at all of the strategic phases of
the design and fabrication efforts that occurred during this program, Although
no testing was performed specifically for the purpose of the RMA, the channel/
diffuser system tests have provided actual test information relating to this

analysis.

In the subscquent sections of this chapter, each component is identified
and analyzed with respect to its function, failure mode, failure effects, probability
of fajlure, maintainability provisions and maintenance frequency. The results of
this analysis, aRrranged in a criteria matrix, are presented in both qualitative and
numerfoal form, The probability of lilure, based on the design system operation
within the performance requiren.cnts of the contract, was given an estimated
numerical rating of percent prohability of failure. A rating less than 6% implied
that the failure was not likely to occur witain the design life of the component while
a rating greater than 95% implied that the taliure was most lkely to occur,

Since the channel/diffuser system his successfully completed 125 hot fire
tests of average duration of five seconds, the RMA conducted at the conclusion of
the test program was based on the actual test results. While the actual test sequences
were not identical to the original design specifications, the total run time and the
number of thermal cycles exceeded the Initixl channel/diffuser system design speci-

fications. During the test program no total corviponent failures were experienced.
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However, the performance of some of the components degraded with use. This
degradation was reflected in the RMA. For example, a 16% degradation in the
performance of a component was shown in the RMA as a 16% probability of failure.

The channel/diffuser system components were grouped according to their
functions: electrode system, cooling systen., gas seals, channel and diffuser
casea, and instrumentation and electrical, Each subsection presents the results

of the RMA for cuach of the flve system components.
2, ELECTRODE SYSTEM

The electrode system components were the electrode frame assemblies,
the electrode screen, the electrode ceramic, and the insulator ceramic, Of these
the electrode ceramic and the insulator ceramic have the highest probability of
fallure of the electrode system components., The insulator ceramic was particular-
ly vulnerable because of the ceramic ansceptibility to cesium carbonate penetra-
tion, and hence, the ceramic became more of an electrical conductor than vas
desired. The electrode ceramic also was suasceptible to the same type of damage
from impurities, thus decreasing the performance of the el ectrode ceramic,

Table 5 provides a summary of the results of the RMA for the electrode system,
3. COOLING SYSTEM

The cooling system components were the water manifolds for the channel
and diffuser, the cooling tubes for the channel electrodes, the cooling tubes for
the diffuser wall, and the water hoses for the channel and diffuser. Of these
the water hoses and connections for the channel and diffuser have the highest
probability of failure of the cooling system components. The problem was most

severe at the connections where minor leaks could occur after prolonged usage,

Table 6 provides a summary of the results of the RMA for the cooling system.
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4., GAS SEALS

The gas sealing system components were the nozzle/channel interface
seal, the channel/diffuser interface seal, and the channel cooling tube gas seals.
The probability of failure for each of these three components was approximately
equal, and if properly installed, failure was not likely to occur during the design
life. After prolonged periods of operation, leaks may develop from the effects
of repeated thermal and mechanical cycling. Table 7 provides a summary of
the results of the RMA for the gas sealing system.

5. CHANNEL AND DIFFUSER CASES

The case system components were the composite channel case and the
diffuser shell, Within the design cycle life neither component was likely to fail.
A summary of the results of the RMA for the channel and diffuser case system
is given in Table 8.

6. INSTRUMENTATION AND ELECTRICAL

The irstrumentation and electrical system components were the accel-
erometers, the channel and diffuser pressure transducers, the channel and
diffuser static pressure taps, the channel case and cooling water thermocouples,
and the electrical wiring. Of these the channel and diffuser pressure taps and
the channel case and cooling water thermocouples had the highest probability of
faflure of the instrumentation and electrical system components. The static
pressure taps were particularly vulnerable to blockage from the products of
combustion. The blockage was easily removed, and the only loss was the test
data from that pressure transducer for only the tests conducted while the block-
age was present. The thermocouples may also fail because of overheating or the
breakage of the wire leadouts. These thermocouples were easily disconnected

and replaced by a new one whepever a failure occurs. Table 9 provides a summary
of the results of the RMA for the instrumentation and electrical system.
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SECTION VI

CONCLUSIONS AND RECOMMENDA TIONS

In this MHD development program the feasibility of the novel lightweight
channel/diffuser dzsign and fabrication techniques have been successfully demon-
strated. This novel channel concept has successfilly completed over 125 hot fire
tests and produced, during test number 122, cver 200 kW of total slectrical out-
wit power. This result cleaxly demonstirated the durability of the channel/diffuser
system, The data from the vibration analysis have clearly indirated no degradation
in the filament wound, epoxy coated fiberglaas shell as a structural member or
pressure vessel. Luring the test program the generator was also opzrated
auccessfully at several off-design conditions. With respect to performance, no

rerious degradation of the channel occurred as a vesult of this off-design operation.

‘The results of this channel development program havz provided the basis
for a continuing effort in the development of lightweight, high performance MHD
generator development. Another development program underway at the present
time has provided the next step in this evolution - the design of MHD hardware
for multi-megawutt electrical output power leveis. 14 The technical effort of
that octivity can eventually lead to compact, transportable MHD generator systems
capable of producing tens of megawatts of electrioal output power. Such power
levels will result in an increase in the pertinent performance parameters such as
enthalpy extraction ratio, volumeiric efficlency, and specific power density, and

these increases are not unressonable extrapolations of the results of the current

programs.

14 AY Contruct Fa3616-76-C-2104, '"High Power MHD System. "




Along with this channel development efiort, parallel programs leading
to the development of lightweight superconducting magnets, lightweight power
conditioning systems, and advanced electrode/insulator systems should be
implemented. These programs would be implemented to fully develop the
potential of the lightweight, transportable, high power MHD generator power
supply systems.
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APPENDIX

SATFETY AND HAZARDS ANALYSIS
CHANNEL AND DIFTUSER

1. INTRODUCTION

This operuting Safety and Hazard Analysis (SHA) for the lightweight channel
and diffuser tests at Air Force Aero Propulsion Laboratory wag conducted in accord-
ance with Section 5. 8.2 of MIL-STD-H882 of 16 July 1969. A SHA for the AFAPL-~
MHD KIVA-I ;mecility was used as a reference for the preparation of this reportl.

The analysis was performed to determine safety requirements for personnel,
procedures, and cquipment used in installation, maintenance, support, testing,
transportation, storage, operations, emergency escape, egress, rescue, and
training during all phases of intended use as Joecided in the system requirrements.
Engineering data, procedures, and instructions developed from the engineering
desigr. and initial test programs were used in support of this a2ffort. Results of

these analyses provided the basis for:

1) Design changes where feasihle to eliminate hazards or provide safety
devices, and safeguards

2) The warning, caution, special inspections, and emergency procedures
for operating und maintenance instructions including emergency action
te minimize personnel injury

3) Identificution of a hazardous period time span and actions reguired to
preclude such hazards from occurring

4) Special procedures for servicing, handling, storage, and transportation.

b
1 AF Contract F33616-75~C-2043, "Alternate Fuels for MHD Applications.
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AREAS TO BE CONSIDERED FOR THE CHANNEL AND DIFFUSER

The following areas, which are required to be reviewed by Section 5,8.2.1
of MIL-STD-882, were reviewed to determine their applicability. This SHA was
conducted for the channel/diffuser system only. For the SHA for the complete
facility, the AFAPL-MHD KIVA-I facility SHA should be congsulted.

Isolation of Energy Sources - Applicable

Fuels and Propellants - Not Applicable

System Environmental Constraints - Not Applicable

Explosive Devices - Not Applicable

Compatibility of Materials - Applicable

Transient I, Electrostatic, EMR, lonizing Radiation - Applicable
Pressure Vessels and Plumbing - Applicable

Crash Safety - Not Applicable

Safe Operation and Maintenance - Applicable

Training and Certification in Operations ai.d Maintenance - Applicable
Egreass, Reacue, Survival - Not Applicable

Life Support Requirements - Not Applicable

Fire Ignition and Propagation Sources and Protection - Applicable
Resistance to Shock Damage - Not Applicable

Fail Safe Design Considerations - Applicable

Environmental Factors, Layout, Lighting, Safety Implications in
Manual Systems - Not Applicable

Safety from Vulnerability Standpoint, Armor, Fire Suppression,
Redundancy ~ Not Applicable

Protective Clothing, Equipment or Devices - Applicable
Lightning and Electrostatic Protection - Not Applicable
Human Error Analysis of Operation Function and Tasks - Applicable



3. COMPONENT IDENTIFICATION BY HAZARD AREAS

The subsystem hazard analysis per 5.8.2.2 identifies all components and
equipment comprising each subsystem whose failure could result in hazardous
conditions. Those components are identified below by the hazard area noted
above.

A. lsolation of Energy Sources
1. Electrical signals and signal power
2. MHD Power

a, Channel Electrodes
b, Insulation/Isolation for Diffuser

B. Fuels and Propellants - Not Applicable
C. System Environmental Constraints - Not Applicable
D. Explosive Devices - Not Applicable
E. Compatibility of Material
1., Liquids

a. Hard Water - corrodes carbon steel fittings,
restricts coolant flow; contains
suspended material, plugs coolant
channels.

b. Treated Water - corrodes carbon steel fittings,
restricts coolant flow.

¢. Electrolytic Action - deteriorates brasses, steels.
2. Solids

a. Cs,CO, - penetrates channel insulator and electrode

3 ceramic material.
F. Transient Current, Electrostatic Discharge, EMR, Ion Radiation
1. Current Surges

a. Unsteady MHD operation
b. load switching
c. Arcing to ground
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2. Static Discharge - Not Applicable ]
3. Electromagnetic Radiation

a. Unsteady MHD operation
b. Load switching

4. Ionizing Radiation - Not Applicable
G. Pressure Vessels and Plumbing 1

1. Pressure gauge

2. Pressure Transducers

3. High Pressure HZO System

g

a. Pipes, hoses, fittings
H. Crash Safety - Not Applicable
I. Safe Operation and Maintenance
1. Use of check list
2. Safety planning for tests
3. Regularly scheduled, progressive maintenance
d. Training and Certification in Operation and Maintenance
1. Certification - Not Applicable

2. Operators and technician trainees should operate under
direction of past operators.

K. Egress, Rescue and Survival - Not Applicable

Life Support Requirements - Not Applicable

M. Fire Ignition and Propagation Sources and Protection
1. Ignition Sources

a. Damaged channel or diffuser
b. Short circuits, sparks

=

2. Fire Propagation Sources

a. All combustible materials in presence of gaseous oxygen
3. Fire Protection - Not Applicable
N, Resistance to Shock Damage - Not Applicable




Fail Safe Design Considerations

1.
2.

Electrode frame cooling system

Ceramic insulators

Environmental Factors, Layout, Lighting, Safety Implications
in Manual Systems - Not Applicable

Safety from Vulnerability Standpoint - Not Applicable
Protective Clothing, Equipment, Devices

1.

Protective gloves, goggles, and dust masks when handling
electrode and insulating ceramics and seed contaminated
components and materials.,

Lightning and Electrostatic Protection - Not Applicable

Human Error Analysis of Operator Functions and Tasks

1.

Impossible to evaluate as all functions are error prone.

4. HAZARD ANALYSIS BY COMPONENTS

A»

Isolation of Energy Sources

1.

Electrical Signals and Signal Power (5, 10, 15, 28 Vdc)
Hazard Potential: Numerous exposed cables
Hazard: Loss of power, damaged power supplies, fire

Cause: Short circuits because of abrasion and/or cutting of
insulated cables by normal activity

Correction/Prevention: All signal cables and signal power
should be encased within flexible protective sheaths
and routed through cable ways. All electrical power
requirements should be reviewed to insure a safe
shutdown under electrical power failure conditions.

MHD Power - Characteristically a noisy d¢ signal of 2500 V dc
maximum and 300 A de maximum, but not simultaneously.

&. Channel Electrodes

Hazard Potential: Voltage instrumentation leads from various
electrode frames to the voltage divider located in
test cell.
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Hazard: Short circuit to ground through various paths.
Fire, explosion of various devices, electrocution.

Cause: Insulation breakdown, voltage divider breakdown arc
over in voltage divider, arc over to manifolds or
instrumentation.

Correction/Prevention: Extreme care to assure sufficient
voltage potential gap between high voltage sources
and conductors or wet and/or dirty surface. Need
high voltage, high current shunt to earth ground or
signal side of the voltage divider.

b. Insulation/Isolation for Diffuser

Hazard Potential: High voltage end of the channel (diffuser
is secured with bolts having insulating sleeves and
phenolic rod ends - the diffuser rests on a one-inch
thick insulator).

Hazard: Short circuit to ground through various paths, fire,
explosion of various components, electrocution.

Cause: Insulation breakdown, arc over to coolant manifold
or instrumentation leads, dirty or wet insulation
surfaces.

Correction/Prevention: Extreme care taken o assure unbroken
or cracked insulations, maintain insulating surfaces in
a clean and dry condition - need fuse shunts for all high
voltage end instrumentation leads to shunt arc over
current to earth ground.

B.  TFuels and Propellants - Not Applicable
C. Systems Environmental Constraints - Not Applicable
D.  Explosive Devices - Not Applicable
E. Compatibility of Liquids and Solids
1. Hard Water

Hazard Potential: Hard water is used wherever possible for
coolant,

Hazard: Corrosion, burnout of components.

Cause: Carbon steel parts and pipe are corroded by hard water,
causing decreaged heat flow rates. Suspended material
clogs flow passages.
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Correction/Prevention: All hard water lines should have large
filter screens for removal of suspended material. All
fittings and tubing should be stainless steel or copper.

Treated Water

Hazard Potential: Traated water i8 used wherever higher quality
water is needed, but de-ionized water is not required.

Hazard: Corroerion, burnout of components.

Cause:  Carbon steel parts and pipe are corvoded by the treatad
water, causing reduced heat flow rates where coolant
lines have been restricted. Corrosion particlee can
obstruct coolant passages.

Correction/Prevention: All treated water lines should have large
filter sereens for removal of corrosion particles.
Screens should be inspected regularly. Al fittings and
tubing should be stainless steel or copper.

Electrolytic Action

Hazard Potential: Dissimilar metal materials in contact with
water,

Hazard: General deterioration of components - leaks and
weakening of joints,

Cause: Highly dissimilar materials can be expected to sustain
electrolytic activity.

Correction/Prevention: Care should be taken in specifying
materials to reduce eiectrolytic potential. Materials,
where possible, should be treated with inorganic pro-
tective coatings to reduce electrolytic activity.

032C03

Hazard Potentiai: CsgpCOy is required to achieve the proper
plasma conductivity, but material is corrosive to
electrode/{nsulator system ceramic matsrials.

Hazard: General deterioration of the insulator ceramic
eventually leading to electrical shorts between
electrode frames.

Cauge: CBZCO‘a penetration into the castable ceramics.

148




Correction/Prevention: Controlled shutdown procedure at
conclusion of test where seed flow termination
leads hot gas flow termination by more than one
second. Operation with the minimum Csy3COg
flow rate to achieve required plasma conductivity.

F. Transient Current, Electrostatic Diacharge, EMR, Ion Radiation
1. Current Surges
a. Unsteady MHD Operation

Hazard Potential: Operation of the MHD generator primarily
involves unsteady operation.

Hazard: No direct hazard without a failure of another type
additionally.

Cause:  Natural operation of MHD generator,
Correction/Prevention: None known at this time.

b. Load Switching

Hazard Potential: Operations involving load switching.

Hazard: Large ares (open to atmosphere) drawn by opening
circuits. Source of ignition. No direct hazard
without additional failure.

Cause: Normasl operation.

Correction/Prevention: Load switches might be housed in an
inert atmosphere.

2. Static Discharges - Not Applicable
3. Electromagnetic Radiation
a. Unsteady MHD Operation

Hazard Potential: Unsteady generation of power i8 normal,
but unusual or strong surging occurs.

Hazard: Electrical shocks, data biasing, computer errors,
adverse test sequence influence.

Cause: Rapid variation of power can cause transient and
randomly induced voltages during periods of strong
MHD generator surging. The result is loss of data,
erroneous data, or erroneous computer operation,
Extreme cases could conceivably cause minor
electrical shocking from ungrounded metal objects
and erroneous test sequence signal,




4.

Correction/Prevention: All metallic objects should be grounded
to earth ground - all cabling should be shielded and
grounded to earth ground. All cabinetry for computers,
controls, etc., should completely enclose the components
and be grounded to earth ground,

h. Load Switching

Hazard Potential: Operations involving load switching.
Hazard: Same as Unsteady MHD Operation.

Cause: Rapid variation of loading by load switching can cause
randomly induced voltages.

Correction/Prevention: Same as for Unsteady MHD Operation.
Ionizing Radiation - Not Applicable

G. Pressure Vessels and Pumbing

1.

Preasure Gauges

Hazard Potential: Bourden tube gauges are used for calibration,
setting points, and monitoring critical pressures.

Hazard: Explosive rupture of the gauges, incorrect indication
response tc applied pressure.

Cause: Overpressurization, incorrect calibration, malfunctioning,
deterioration.

Correction/Prevention: Periodic inspection and calibration,
shatterproof plexiglass shields over gauges.

Pressure Transducers

Hazard Potential: Strain gauge pressure transducers are used to
monitor various pressures.

Hazard: Incorrect readings (indications).

Causes: Incorrectly positioned calibration valves, transducer
shorting (water leaks can do this), improper or obsolete
amplifier calibration asettings.

Correction/Prevention: Transducer connections should be protected
from short circufting influences. Check lists must be
strictly adhered to in valve positioning. Transducer
amplifiers must be calibrated prior to each test run to
reduce drift errors.
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3. High Pressure Water System
a. Pipes, hoses, fittings, valves

Hazard Potential: Water is routed through copper pipe, re-
inforced nylon tubing, copper tubing and brass barbed
fittings.

Hazard: Ruptures, leaks, clogging.

Cause: Overpressure, deterioration of materials or joints,
corrosion.

Correction/Prevention: System should be provided with pressure-
relieve valves and/or vents; lines should be leak tested
and flow tested periodically.

H. Crash Safety - Not Applicable
I. Safe Operation and Maintenance

1. Use of Check List - Check lists for system operation must be
strictly adhered to.

2. Safety Planning for Tests - Each test must be analyzed concerning
expected operation of the test cell and where deviations from
normal operation are to be expected. These deviations must be
thoroughly analyzed to provide safety precautions in areas where
abnormal operation may create unsafe conditions.

3. Regularly Scheduled Progressive Maintenance - All items of
hardware involved in operation should be placed on a table of
periodic maintenance operations which should include regular
inspection. :

dJ. Training and Certification in Operation and Maintenance
1. Certification - Not required. '

2. Operator's and trainee technicians should receive on-the-job
training and operate the system under the direction of persons
experienced in its operaticn.

K. Egress, Rescue and Survival - Not Applicable
L. Life Support Requirements - Not Applicable
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M. Fire Ignition and Propagation Sources and Protection
1. Ignition Sources
a. Channel or Diffuser

Hazard Potential: High temperature combustion gases.
Hazard: Burnout of components.

Cuuse;  Burn-through or deteriorating gasketing plus burn-
through of electrode frame insulation and channel
composite case have the potential to burn the magnet
coil insulation causing short circuiting.

Correction/FPrevention: No simple means of {nterlocking against
burnouts is possible; it is neceesarxv thzt thz opcrator
know what to expect and what to look for “nd shut dovn
the system through the dead man switch in these events.

b. Short Circuits or Sparks

Hazard Potential: Ignition of comhustible products present as
vapors in the test cell,

Hazard: Overloaded electrical circuits or vpen arc current
cencentrations,

Cauge: Overhoating cavsed by electrical conditions forcing
electric current through a reduced number of circuits.
Sparks caused by shorting of high voltage components
to ground,

Correction/Prevention: Verify that ail electrical connections
are properly installed and that all lug/terminal
connections are securely attached. Review operation
to insure that all water gprays, test leads, etc.
do not provide short circuit or grounding conditions.

2. Fire Propagation Sources
2. All Combustible Materials in Presence of Gasgous Oxygen

Hazard Potential: Oxygen rich atmosphere.
Hazoard: Moetal oxidation.

Cause: Hot metal components exposed {o oxygen rich conditions
during channel osperation.

Correction/Prevention: Operate components with the surface
temperaturas below the combustion tcmperature ol
the component,

s .
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N. Resistance to Shock Damage - Not Applicable
0. Fall Safe Design Considerations
1. Electrode Frame Cooling System
Hazard Potential: Overheating of electrode frames and adjacent

case area.

Hazard; Loss of cocling system integrity without interlock
signal.

Cause: Reduced water flow rate because of leaks and/or
partially blocked tubes,

Correction/Prevention: Cooling water flow rates should be
interlocked with the operaiing system to cause a
system shutdown if proper water flow rates are
not maintained.

2, Ceramic Insulators
Hazard Potential: Degradation of the insulator material,
Hazard: Electrode frame short circuit.
Cause: Seed penetration of the insulator ceramic,

Correction/Prevention: Controlled shutdown procedure at
conclusicn of test where seed flow termination leads
hot gas flow termination by more than one second.
Operation with minimmm Cs3COj flow rate to achieve
required plasra conductivity,

P. Environmental Factors, Layout, Lighting, Safety Implications in
Maaual Systems - Not Applicable

Q. Safety from Vulnerability Standpoint - Not Applicable
R.  Protective Clothing, Equipment, Devices

1. Protective gloves, goggles, and dust masks when handling
electrode and insulating ceramics and seed contaminated
materials,

Hazard Potential: Cesium carbonate or cesium nitrate com-
pounds are used as seeding agents. Ceramic materials
used in channel electrodes.
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Hazard: Cesium compounds are extremely caustic and can
cause severe skin burns as well as lung irritation.
Cesium and its oxides form caustic hydroxides on
contact with moisture. Ceramic materials are
irritants to skin, eyes, and lungs.

Cause: During operation of the channel and diffuser, deposits
form on the walls due to condensation of seed and
slight ccrrosion of the walls.

Correction/Prevention: Protective clothing, when handling all
ceramic and seed materials such as cesium and
potassum compounds, should include gloves, goggles,
and a dust mask as a minimum, The same precautions
should be observed when handling the internal surfaces
of the channel and diffuser after system operation with
seed materials.

S. Lightning and Electrostatic Protection - Not Applicable
T. Human Error Analysis of Operator Functions and Tasks

1. Hazards involved in operator functions are impossible to evaluate;
therefore, it is imperative that check lists be carefully prepared
and strictly adhered to. The use of interlock bypasses
to facilitate test operations is extremely hazardous
and should not be used except for "dummy' test, cali-
bration checks, and other non-combustion type tests.
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AFAPL

atm

CDA

LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS

Ampere

Area

Air ¥orce Aero Propulsion Laboratory
Atmosphere

Magnetic Field Strength

Speed of Sound

Copper Development Association
Centimeter

Tube Diameter

Direct Current

Degree

Young's Modulus

Electromagnetic Radiation

Frequency

Gravitational Acceleration

Grams

Water/Metal Surfacc Heat Transfer Film Coefficient
Corner Thickness of Case

Hertz

Moment of Inertia About Principal Central Axis
Inside Diameter

Kelvin

MHD Test Facility at AFAPL

Kilogram
Kilohertz
Kilowatts
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LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS

L Length

LWC Lightweight Channel

m Meter

m Mass Flow Rate

min Minute

ml Milliliters

mm Millimeter

MHD Magnetohydrodynamic
MIL-STD Military Standard

MITAS Martin Marietta Thermal Analyzer System
MLI Maxwell Laboratories, Inc.
MW Megawatt

N Newton

NA Not Applicable

Nall Number of Cycles

No. Number

0.D, Outside Diameter

OFHC Oxygen-Free High-Conductivity
o) Pressure

Q Total Heat Transfer Rate

r Channel Radius of Gyration

R Corner Radius of Case

RMA Reliability and Maintainability Analysis
rpm Revolutions per Minute

RTV Room Temperature Vulcanizing




LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS

sec

SHA

£ £ < <

case

Wframma

« |

Second

Safety and Hazards Analysis
Temperature

Water Temperature

Velocity

Volts

Frame Width Parallel to Gas Flow

Mass of Case
Mass of Frames

Distance from Centroid to Section Fxtremity
Section Modulus About Principal Axis

Coefficient of Thermal Expansion
Total Strain
Circumferential Membrane Strain

Bending Stress

Membrane Stress
Axial Stress

Ultimate Tensile Strength
Yield Strength

Poissons Ratio
Pressure Difference

Temperature Difference
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